Developing Structural Probes for Designed Molecular Architectures by James, David Thomas
Developing Structural Probes
for
Designed Molecular Architectures
David Thomas James
Department of Physics
Imperial College London
A thesis submitted in fulfillment of the requirements for the degree of
Doctor of Philosophy of Imperial College London
October 2012

Preface
The work described in this thesis was carried out in the Experimental Solid State Group at
Imperial College London between October 2008 and September 2012. First and foremost, I
gratefully acknowledge the support provided by the Val O’Donoghue Scholarship in Natural
Sciences and a CASE studentship provided by Cambridge Display Technology, Ltd.
My biggest thanks goes to my supervisor, Dr Ji-Seon Kim, for being a continued source of
support, enthusiasm and invaluable feedback throughout my graduate studies. It has been a
joy to see her group at Imperial grow from a lone PhD student and an empty lab in 2008 to a
large, dynamic group of students and post-doctoral researchers and a well-equipped, busy lab
in 2012! I have relished the opportunity of being involved in the development of the lab, most
notably the much-anticipated arrival of the Raman system in June 2009.
I am deeply grateful to all the members of the group throughout the years for insightful dis-
cussions, fruitful collaborations and for making the group meetings so enjoyable: Chung Tsoi,
Emma Bailey, Sebastian Wood, James Hadfield, Jong Soo Kim, Antonio Urbina, Nathan
Chander, Joby Hollis, Mason Ji, Tomos Thomas and, last but not least, Jess Wade. I am
particularly grateful to Chung for the days spent together in the lab figuring out Raman spec-
troscopy during the early stages of my studies and to Jess for her collaboration with zone
casting, boundless enthusiasm and delicious baked goods!
Many thanks to Jeremy Burroughes, Jonathan Halls, Richard Wilson, Chris Newsome and
Khairy Othman at CDT for all their encouraging comments & suggestions and for providing
materials and training to get me started. As well as the collaborators mentioned in this work,
numerous individuals at Imperial College have helped me with different aspects of experimental
and theoretical work throughout my studies and I would like to thank each and every one of
them for their time and valuable assistance. In the Department of Physics: Peter Levermore,
Mark Faist, Sam Foster, Thilini Ishwara and Clare Dyer-Smith for early cleanroom assistance;
Rob Maher for help with Raman spectroscopy; Colin Belton for UV-visible absorption training;
Jeremy Smith and Thomas Anthopoulos for cross-polarised microscopy; Jarvist Frost, Anne
Guilbert, Florian Steiner and Jenny Nelson for discussions on quantum-chemical calculations;
Xuhua Wang, Beinn Muir and Nikolay Vaklev for transistor substrates; Alex Perevedentsev
for help with polarised absorption measurements; Gabrielle Thomas for help with laser polar-
isation. In the Department of Chemistry : Simon King for atomic force microscopy training;
Craig Combe, Iain McCulloch and Martin Heeney for materials. In the Department of Ma-
terials: Gianluca Latini and Natalie Stingelin for work on polymer blends. In the Mechanical
Instrumentation Workshop: Steve Cussell and Dave Bowler for their expertise and extensive
help during the construction of the zone-casting apparatus and the fabrication of various me-
chanical components throughout the years. Finally, thanks to all the members of office H724,
past and present, for creating such a friendly and enjoyable atmosphere and sharing welcome
coffee and cake breaks.
My final heart-felt thanks go to my friends for enriching my life and to my family, Arthur &
Lesley, Sara, Emily and Robert for their love and support.
3
Declaration of Originality
”Except where specific reference is made to the work of others, this work is original and has
not been already submitted either wholly or in part to satisfy degree requirements at this or
any other university”
David T. James
London, October 2012
4
Abstract
Developing Structural Probes for Designed Molecular Architectures
David T. James
This thesis is concerned with the development of techniques to probe and control molecular
morphology in organic semiconductors and investigate structure-property relationships.
An angle-dependent polarised Raman technique is developed to probe molecular order and
orientation in 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) thin films, and
applied to understand the role of blending with polystyrene on morphology and charge transport
properties in inkjet-printed organic field-effect transistors (OFETs). Compared to pristine
devices, blending improves film uniformity in terms of device coverage and molecular orientation
and increases saturation mobility from 0.22 cm2V −1s−1 to 0.73 cm2V −1s−1.
A zone-casting apparatus is developed to systematically control the grain size and molecular
orientation of TIPS-pentacene thin films. Processing parameters such as solvent, solution
temperature, substrate temperature and casting speed are systematically controlled to study
film coverage, grain size, alignment and orientation, and applied to investigate charge transport
properties in TIPS-pentacene and 6,13-bis(triethylsilylethynyl) pentacene (TES-pentacene)
OFETs. Casting speed and grain orientation strongly influence device performance. TIPS-
pentacene shows higher mobilities and grain-boundary-limited transport while TES-pentacene
charge transport is limited by crystal orientation.
The anisotropic structural and optical properties of TIPS-pentacene and TES-pentacene films
are characterised using polarised UV-visible absorption and Raman spectroscopy. Evidence for
J- and H-aggregation is found from a packing-induced red-shifted and blue-shifted absorption
transition, respectively. Angle-dependent polarised Raman spectroscopy is used to probe the
molecular orientation and order in the films. The pentacene long-axis orientation is found to
be ±(50–60)° relative to the zone-casting direction for both materials, while TIPS-pentacene
shows a higher Raman anisotropy than TES-pentacene.
Quantum-chemical studies are performed on a range of conjugated polymer systems. Using
simulated structure-property relationships, the effect of side chain placement & positioning,
blending with small molecules, thermal annealing and heavy-atom substitution on the opto-
electronic and charge transport properties of the polymers are discussed.
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Chapter 1
Introduction
The discovery of semiconducting properties in organic materials has led to a host of practi-
cal applications including organic light-emitting diodes (OLEDs) [1–3], field-effect transistors
(OFETs) [4–7] and photovoltaic devices (OPVs) [8–10]. One of the main advantages of organic
semiconductors over their inorganic counterparts is their compatibility with solution-processing
methods which enables a diverse range of versatile applications from small, low-power devices
to large-area flexible electronics [11–14].
While numerous innovative organic semiconductor deposition methods have been proposed,
techniques that encourage the uniaxial alignment of crystalline structures have led to signif-
icant improvements in performance in OFETs [15–20]. The control of grain alignment and
orientation facilitates the study of charge transport properties in the active layer of OFET
device structures, including the role played by molecular order & orientation and grain bound-
aries. One material that has gained considerable attention over the last decade for OFET
applications is 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene), due to its ease
of solubility, high field-effect mobility and operational stability [21–28].
The overall aim of this work is to shed light on the role of morphology on the opto-electronic
and charge transport properties of organic semiconductor thin films and devices using TIPS-
pentacene as the primary test material. This is achieved by developing techniques to accurately
and effectively probe the morphology of the films in terms of molecular order and orientation,
non-destructively and at a sufficiently-high resolution. Methods to systematically control the
molecular architecture and alignment of the films are also developed to study the structure-
property-performance relationships in more detail. Meanwhile, quantum-chemical calculations
are performed on a range of organic semiconductor systems to gain deeper insights into the
relationship between molecular structure and properties.
10
Thesis Structure
Chapter 2 presents a review of organic semiconductors, including the basic characteristics of
molecular and electronic structure, the nature of electronic excitations and interactions with
light and a summary of charge transport models. The basic operational principles of organic
field-effect transistors are also discussed, along with an introduction to anisotropy.
A description of the experimental methods used in this thesis, including sample fabrication and
characterisation techniques, is presented in Chapter 3. Theoretical studies form an important
complementary aspect of this work to interpret experimental data and explore simulated molec-
ular properties. A review of quantum-chemical calculation methods is included, for reference,
in Appendix D.
Chapter 4 describes the development and application of angle-dependent polarised Raman
spectroscopy to probe molecular order and orientation at the ∼1 µm scale. This technique
is combined with optical microscopy and atomic force microscopy to probe TIPS-pentacene
molecular order and pentacene backbone orientation in inkjet-printed OTFTs. The effect of
blending with polystyrene on morphology and charge transport properties is discussed.
Chapter 5 details the development of a zone-casting apparatus to systematically control molec-
ular order and orientation in TIPS-pentacene thin films. Thin-film structures are explored by
systematically changing processing parameters such as solution temperature, substrate tem-
perature, solvent and casting speed. These structures are then incorporated into OFET device
architectures to systematically study the relationship between film morphology and charge
transport properties. The effect of grain boundaries on charge transport and bias-stress be-
haviour in TIPS-pentacene OFETs is also discussed.
A further characterisation of anisotropic structural and optical properties of zone-cast films
is performed in Chapter 6. By comparing solution- and solid-state properties, the effects of
inter-molecular interactions are investigated. Polarised spectroscopies are used to determine
the orientation of UV-visible absorption transition dipoles and Raman modes.
Chapter 7 presents a series of systematic quantum-chemical studies to explore the relation-
ships between molecular structure and properties. This includes: (i) the effect of placement
and position of side chains on backbone conformation and optical properties; (ii) the effect
of blending and thermal annealing on molecular order; (iii) the effect of heavy-atom substi-
tution on molecular conformation and packing; (iv) the effect of bridging-atom substitution
on structural and optical properties and (v) the effect of thermal treatment on ambipolar
charge-transport properties.
Finally, Chapter 8 summarises the main conclusions of this thesis and includes suggestions for
future work.
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Chapter 2
General Review
This chapter presents a review of organic semiconductors. Beginning with a basic explanation of car-
bon bonding, the structural and electronic properties of simple organic semiconducting molecules are
introduced. Next, electronic excitations are discussed along with their interactions with light. Charge
transport models are reviewed, leading to a description of organic field-effect transistor (OFET) op-
erational principles. Finally, the concept of anisotropy is introduced.
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2.1 What is an Organic Semiconductor?
Semiconductors are the foundation of modern electronics and can be understood by considering the
electrical properties of different materials which can be broadly categorised as insulators, conductors
and semiconductors. According to quantum physics, atomic electrons occupy discrete energy levels
that surround the heavy, positively-charged nuclei. Pauli showed that these atomic electrons occupy
energy states in pairs, each with a different spin (“up” or “down”), such that the lowest-energy
states are filled first. Adjacent and overlapping energy levels may be represented by energy bands
(see Figure 2.1). For insulators, the gap between the filled energy level (sometimes referred to as
the valence band) and the next available energy level (or conduction band) is large so that the
electrons are effectively confined to their respective orbitals and are unable to move freely between
atoms or molecules. In conductors, the conduction band is only partially filled, which allows the
electrons to move freely through the material under the action of an electric field. For materials
with fully-occupied energy levels but with a band gap that is energetically small enough (typically
less than 4 eV ), mobile carriers may be promoted to the unoccupied energy level and participate in
conduction: these are semiconductors.
Figure 2.1: Illustration of the electrical properties of the three main material
types using band theory
Conventionally, semiconductivity is exploited using inorganic materials such as silicon or germanium.
The high-purity crystals that may be grown from such materials have enabled the manufacture of
robust, high-performance devices which in turn have fuelled the electronics revolution of the latter half
of the 20th century. Indeed, inorganic semiconductors continue to play a leading role in applications
such as computing, displays and light harvesting. Over the past decades, however, a new class of
semiconductors has emerged in the form of organic (or ‘carbon-containing’) materials. To understand
the properties of organic semiconductors, it is useful to first review the bonding properties of carbon.
2.2 Carbon Bonding
Organic semiconductor materials are primarily composed of carbon atoms covalently bonded together.
Hydrogen is usually the most abundant non-carbon element in these materials and generally serves
to fulfil the valence requirements of the carbon-based molecules. A range of other elements can be
incorporated into the structure to control various molecular properties.
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Bonding between carbon atoms involves the valence electrons which are shared between neighbouring
atoms to complete the partially-filled atomic orbitals and lower the overall energy of the system.
According to the electronic structure of carbon
C ⇒ 1s22s22p2 (2.1)
it could be assumed to be divalent (having a partially-filled px and py orbital). In reality, however,
carbon is tetravalent. This result may be explained using two processes:
(1) promotion of an electron from the 2s orbital to the 2pz orbital (which occurs due to
the near-degeneracy of the 2s and 2p orbitals) and
(2) hybridisation of the 2s and px, py, and pz orbitals to form sp-hybridised orbitals
Hybridisation describes the mixing of orbitals (in this case the s and p orbitals) and can be illustrated
using the Linear Combination of Atomic Orbitals (LCAO) technique (see Figure 2.2). The resulting
sp hybrid orbitals are energetically stable and can form σ bonds when combined with orbitals from
neighbouring atoms.
+ = 
2s 2p sp 
Figure 2.2: Illustration of the Linear Combination of Atomic Orbitals (LCAO)
between s and p orbitals to form an sp-hybridised orbital in carbon
Simple molecules formed from two carbon atoms may be used to demonstrate the different types of
hybridisation:
Type Before Hybridisation After Hybridisation Example C-C Bond
sp3 s + px, py and pz orbitals 4× sp3 ethane single
sp2 s + px and py orbitals 3× sp2 and pz ethene double
sp1 s + px orbital 2× sp1, py and pz acetylene triple
Organic semiconductor materials employ sp2-hybridised carbon bonding, where the three sp2 orbitals
form σ bonds with adjacent atoms in the same plane while the remaining pz orbital, oriented out of
the plane, can join with neighbouring pz orbitals to form pi bonds. σ bonds are strong and highly
localised, helping to hold the molecular structure together. On the other hand, pi bonds are weaker
and although they improve structural stability (see Figure 2.3) are mainly involved in the electronic
properties of organic semiconducting materials. A detailed look at the molecular and electronic
structure of organic semiconductors now follows.
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ethane ethene acetylene 
Figure 2.3: Chemical structures for simple di-carbon molecules illustrating differ-
ent types of sp hybridisation. The extra pi bonds in ethene and acetylene improve
structural stability, reducing the C-C bond lengths
2.3 Molecular Structure
To understand how carbon bonding results in organic semiconductor materials, we will consider the
example of benzene. Benzene is composed of six sp2-hybridised carbon atoms arranged in a hexagonal
ring, each forming three σ bonds with its neighbouring atoms (two carbon and one hydrogen). During
the early investigation of benzene, Kekule´ proposed a molecular structure where the remaining six
valence electrons combined to form three extra (pi) bonds, resulting in an alternating single-double
bond configuration (Figure 2.4). A problem facing chemists, however, was the absence of benzene
isomers when two adjacent hydrogen atoms were substituted. Isomers would be expected depending
on whether the benzene ring carbon-carbon bond separating the substituents was single or double,
but none were observed. Kekule´ modified his theory and reasoned that the carbon-carbon bonds
oscillated between single and double in nature, resulting in all carbon-carbon bonds being equivalent
in length [1]. Subsequent experiments validated his model, elaborating the oscillating single-double
bonds as a resonant pi orbital delocalised over the entire benzene ring.
Figure 2.4: (Top) August Kekule´’s proposed structure for benzene, showing os-
cillating single-double bonds [1]; (Bottom) Modern representation of the benzene
structure
The alternating single- and double-bond configuration is usually termed conjugation. The pi bonds
effectively delocalise along conjugated single-double bond segments, in general lowering its overall
energy and increasing the stability of the conjugated segment. In this way, most organic semi-
conductors may be considered as 1-dimensional semiconductor structures (notable exceptions being
graphene and fullerenes), and can be broadly categorised into two principal groups:
Small Molecules: discrete molecules with a well-defined molecular weight (small compared to other
forms of organic semiconductors). They have well-defined electronic and optical properties and can
interact with other small molecules via Van der Waals forces or pi − pi interactions to form highly-
ordered ‘molecular crystals’.
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Conjugated Polymers: long-chained molecules composed of conjugated monomers (also known
as constituent repeat units, CRUs). The polymerisation reactions usually result in polymers with a
distribution of lengths (and hence molecules weights). They are usually disordered, with conjugated
segments of different lengths naturally separated by kinks or twists in the conjugated backbone.
These smaller conjugated segments are called chromophores and govern most of the opto-electronic
properties of conjugated polymers. If only one species of monomer is used, the resulting polymer is
termed a ‘homopolymer’. If multiple species of monomers are used, a ‘co-polymer’ is formed.
The key characteristic that exemplifies the structure of organic semiconductor materials is a conju-
gated core (in the case of small molecules) or conjugated backbone (in the case of polymers), which
imparts its semiconducting properties. The electronic structure of these materials is now discussed.
2.4 Electronic Structure
To characterise the electronic structure of organic semiconductors, it is useful to again consider the
benzene molecule as an instructive example. Indeed, benzene rings are often incorporated into small
molecules or conjugated polymer structures due to its stability and electronic properties. Hu¨ckel
developed a conceptually simple method for estimating the electronic properties of conjugated sys-
tems [2]. Using the Linear Combination of Atomic Orbitals (LCAO) the conjugated molecular orbital,
Ψ, may be represented as
Ψ = Σiciφi (2.2)
where φi is the pz orbital of the i
th carbon atom and ci is a normalisation constant. This molecular
orbital wavefunction is then applied to the Schro¨dinger equation
HΨ = EΨ (2.3)
to determine the energy levels (eigenvalues) of the orbital. The Hamiltonian operator, H, incorpo-
rates a number of simplifications proposed by Hu¨ckel including considering only nearest-neighbour
interactions and incorporating the σ bonds into an effective potential [3]. Solution of the Schro¨dinger
equation gives rise to six molecular orbital energies
E1 = α+ 2β
E2 = α+ β
E3 = α+ β
E4 = α− β
E5 = α− β
E6 = α− 2β
(2.4)
18
in terms of α, the electron energy and β, the interaction energy between two pz orbitals (which is
always negative due to the repulsive forces between negatively-charged electrons). E1 has the lowest
energy and in this case both E2 & E3 and E4 & E5 are degenerate. According to the Pauli exclusion
principle, the six pz electrons pair up in each orbital (with opposite spins) and populate the three
lowest energy levels, so that E3 becomes the Highest Occupied Molecular Orbital (HOMO) and E4
becomes the Lowest Unoccupied Molecular Orbital (LUMO). The occupied and unoccupied orbitals
are graphically represented in Figure 2.5. The HOMO and LUMO are analogous to the valence band
(VB) and conduction band (CB), respectively, in an inorganic semiconductor.
En
er
gy
  2
 2
  
  
LUMO 
 HOMO 
Figure 2.5: Hu¨ckel method representation of the energy levels and molecular
orbitals of benzene. The HOMO and LUMO energy levels are indicated in the
figure, from which an energy gap (or band gap) may be determined
An important electronic property of organic semiconductors is the HOMO-LUMO energy gap which,
in an analogy with inorganic semiconductors, is usually referred to as the ‘band gap’. During op-
tical excitation of the semiconductor, for example, an electron may be promoted from the HOMO
(otherwise known as the bonding or pi-orbital due to its attractive force) to the LUMO (otherwise
known as the anti-bonding or pi∗-orbital due to its repulsive force). Electronic excitations are clearly
an important aspect of organic semiconductors and are discussed next.
2.5 Electronic Excitations
To ‘activate’ the electronic properties of an organic semiconductor, it is usually necessary to create
mobile charges in the molecule through electronic excitations. Different methods to induce an
electronic excitation include optical absorption, charge injection, chemical doping, etc. and may be
described as being either neutral or charged depending on the nature of the excitation.
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2.5.1 Charged Excitations
Two types of fundamental charges can be created in organic semiconductors. Adding an electron
to the LUMO level creates a negatively-polarised charge and removing an electron from the HOMO
creates a positively-polarised charge. In general, the mechanism for introducing charges in organic
semiconductors includes injection from electrical contacts, separation of bound electron-hole pairs
(excitons) or by chemical doping. These charges are usually able to move through the semiconductor
under the influence of an electric field (see Section 2.7 below) and contribute to device operation.
Furthermore, a semiconductor that exhibits a higher propensity to transport negative charges may
be described as “n-type” while a semiconductor showing transport of predominantly positive charges
may be described as “p-type”.
In organic semiconductors, the small dielectric constant (compared to inorganic semiconductors)
leads to strong electron-phonon coupling which causes the surrounding molecular structure to relax
around the charge. The charge coupled with the surrounding lattice distortion can be represented by
a pseudo-particle called the polaron [4]. Depending on the polarity of the charge, a negative polaron
(for electrons) or a positive polaron (for holes) may be formed. The presence of two electrons or holes
results in a negative or positive bipolaron, respectively. In addition, when combined the negative and
positive polaron results in a neutral excitation.
2.5.2 Neutral Excitations
Neutral excitations are usually formed either via the combination of oppositely-polarised charges or
by the re-arrangement of the electronic configuration in an organic semiconductor. For example,
an incident photon may promote an electron from the HOMO to the LUMO, creating a bound
electron-hole pair, termed the exciton [5, 6]. Although excitons are found in both organic and
inorganic semiconductors, they play a particularly important role in organic semiconductors (which
are sometimes referred to as ‘excitonic’ semiconductors). Three important categories of exciton are
outlined below and represented in Figure 2.6:
Wannier-Mott Exciton: These are usually encountered in covalently-bonded crystalline inorganic
semiconductors, or ordered materials with a high dielectric constant. The high dielectric constant
(typically > 10) effectively screens the charge of the electron-hole pair, lowering the Coulombic
attractive forces which in turn lowers the binding energy of the exciton (typically, the binding energy
Eb < 50meV ). Combined with a strong lattice structure, the exciton delocalises over multiple lattice
units. Weak electron-phonon interactions lead to only weak lattice distortions.
Frenkel Exciton: On the opposite end of the exciton binding-energy spectrum, Frenkel excitons are
usually found in low dielectric constant (< 10) materials where the conjugated units are only weakly
coupled to their neighbouring units. Consequently, the excitons are highly localised on a single conju-
gated segment (size comparable to the unit cell) and have higher binding energies (Eb ∼ 0.1− 1eV )
compared to Wannier-Mott excitons. Strong electron-phonon interactions result in a relatively large
structural relaxation of the surrounding atomic nuclei.
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Charge Transfer Exciton: These excitons are delocalised across neighbouring conjugated segments
or small-molecular cores, and as such they have a binding energy and effective radius that is interme-
diate between Wannier-Mott and Frenkel excitons. Charge Transfer (CT) excitons are usually found
in well-ordered molecular crystals or, for example, between donor and acceptor units in conjugated
co-polymer systems, where strong coupling between adjacent conjugated units exists.
+ 
Frenkel  
exciton - 
charge-transfer  
exciton 
+ 
- 
Wannier-Mott 
exciton 
+ - 
Figure 2.6: Schematic diagram of the different delocalisations of Wannier-Mott,
Frenkel and Charge Transfer excitons in a lattice structure
In addition to binding energy and effective radius, another important characteristic of excitons is
electron spin, which can take on the value of 0 for singlet excitons or 1 for triplet excitons. To develop
the discussion of exciton spin, it is useful to consider the interaction between organic semiconductors
and light.
2.6 Interaction with Light
Understanding the nature of the interaction between organic semiconductors and light is crucial
for applications such as organic light-emitting diodes (OLEDs) [7], organic photovoltaic devices
(OPV) [8] and light-emitting field-effect transistors [9]. In addition, photons can be used to probe
the electronic and vibrational properties of organic semiconductors, including via the processes of
photon absorption and emission, which are now discussed in more detail.
2.6.1 Absorption
Successful absorption of a photon of light occurs if its energy matches an allowed optical transition.
Photon energies in the infrared region can excite vibrational modes of a molecule, but photon energies
in the UV-visible portion of the spectrum can result in electronic excitations, which is the focus of
this discussion.
During the absorption of a UV-visible photon, an exciton is formed (as discussed earlier). Since the
total spin of the transition is conserved, both the photon (spin-0) and HOMO electron (spin-0) result
in a spin-0 exciton, otherwise known as a singlet exciton.
Frenkel and CT excitons formed in organic semiconductors during UV-visible photon absorption are
highly localised and exhibit strong phonon coupling. This coupling can, in ordered materials, dictate
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the spectral properties of the absorption. The strong coupling between electronic and vibrational
transitions (together termed ‘vibronic’) can be successfully addressed by the Franck-Condon prin-
ciple [5]. The Franck-Condon principle is in turn based on the Born-Oppenheimer approximation
which states that
“The wavefunction of a molecule can be separated into its electronic and nuclear com-
ponents”
This can be expressed using the following equation
Ψtotal = ψelectronic × ψnuclear (2.5)
This approximation is based on the fact that electrons are much lighter and faster than the slower,
heavier atomic nuclei. In other words, electronic transitions occur much more rapidly than the time
it takes for the nuclei to respond. When applied to UV-visible absorption in organic semiconductors,
this is equivalent to stating that the transitions between vibronic states occur vertically, before
the lattice (nuclear coordinates) has had time to relax. Indeed, the Franck-Condon principle can
successfully explain the optical transitions to vibrationally excited states (which would otherwise be
allowed between vibrational states following a Boltzmann-like distribution). Vibronic transitions are
schematically represented in (Figure 2.7).
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Figure 2.7: Schematic diagram showing the ground state (E0) and first excited
state (E1). Vibrational levels are also shown (ν). The blue arrow represents a
vertical absorption transition (0−2 vibronic transition). The green arrow represents
light emission from the first excited state after internal conversion
In addition to vibronic transitions described by the Franck-Condon principle, disorder plays another
key role in determining the optical properties of organic semiconductors. If a material is disordered,
such as a conjugated polymer composed of a certain distribution of conjugation lengths, then the
fundamental HOMO-LUMO energy gap will also take on a similar distribution of energies. This
would then be manifested as a broadening of the UV-visible absorption features, with the amount of
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broadening dependent on the degree of disorder in the material. With enough disorder, the vibronic
transitions may be ‘blurred-out’, with only broad absorption peaks observed.
On the other hand, for ordered materials such as molecular crystals the disorder can be relatively low,
allowing the different vibronic transitions to be observed. The energetic spacing between vibronic
modes is related to the energy of a specific vibrational mode of the molecule that is coupled to the
electronic excitation.
Immediately after the absorption of a photon by an organic semiconductor, strong exciton-phonon
coupling quickly leads to a relaxation of the lattice to the lower-energy vibrational ground state in a
process referred to as Internal Conversion. From this electronically-excited but vibrationally-relaxed
state, a number of processes may occur, including the emission of a photon.
2.6.2 Emission
When an optically-excited singlet exciton relaxes to the vibrational ground state, the exciton may
decay radiatively in a process called fluorescence. The Franck-Condon principle can again be applied
to this process to explain the vibronic transitions of fluorescence, in the ideal case. Indeed, in the
absence of other effects, the emission spectral features are a mirror image of the absorption peaks for
an ordered, rigid system (see Figure 2.8). In reality, other processes can alter the emission spectrum.
For example, the internal conversion (mentioned earlier) that occurs in the excited state lowers the
overall exciton energy. Radiative recombination from this relaxed state results in a lower-energy,
red-shifted emission spectrum. This red-shift is called the Stokes shift [5] and has a magnitude that
decreases with increasing rigidity of the chromophore.
Figure 2.8: Absorption and emission spectra for an ideal rigid chromophore.
Spectral features are mirror images of each other, centred around the 0−0 vibronic
transition. For disordered materials where structural relaxation may occur, the
fluorescence spectrum is shifted to lower energies (Stokes shift)
Another effect that may alter the fluorescence spectrum is the migration of the exciton to a lower-
energy site before radiative recombination occurs, resulting in a much greater red-shift. Alternatively,
fluorescence quenching may occur due to defects, impurities or chemical degradation.
Non-radiative recombination of the exciton may occur if it is in the triplet (spin-1) state. Emission
of a photon (spin-0) would violate spin conservation and is forbidden in the case of triplet exciton
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recombination. For optical excitations, triplet exciton formation may occur due to spin-conversion
if the exciton moves to another site (Inter-System Crossing). Triplet exciton formation may also
occur through the association of a negative and positive polaron with a total spin configuration of 1
and is an especially important consideration in both OLED and OPV device performance.
2.7 Charge Transport Properties
An important aspect of organic semiconductor devices is the nature of charge transport, which
governs the velocity of charges (v) through a device under the action of an external electric field (E)
which are related by
v = µE (2.6)
where µ is defined as the charge carrier mobility and commonly expressed in units of cm2V −1s−1. For
organic devices, particularly OFETs, the charge carrier mobility is a key parameter and is often used to
characterise charge transport in organic semiconductors. The two main regimes of charge transport
in organic semiconductors, ‘band-like’ and ‘hopping’, largely depend on order (see Figure 2.9) and
are discussed in further detail below.
Bandlike Transport 
Hopping Transport 
E 
Figure 2.9: Illustration of (Top) band-like vs. (Bottom) hopping transport under
the action of an electric field E. For ordered materials, charges move within energy
bands and are scattered by phonons (represented by the bump). In disordered
materials, a complex potential energy landscape confines the charges to localised
states. Charge transport occurs via hopping between adjacent sites
2.7.1 Band-like Transport
For rigid, highly-ordered systems, the reduced electron-phonon coupling results in a mean free path
of charges that can extend further than the lattice spacing. When this occurs, the charges can move
freely through the material in energy ‘bands’. In this regime, mobile charges are slowed down by
scattering from phonons, which is manifested as a reduction in charge carrier mobility.
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High-purity molecular crystals of materials such as naphthalene have been known to exhibit band-like
transport at low temperatures [10, 11], however recently band-like transport has been observed, from
the temperature-dependence of the mobility (dµ/dT < 0), in a solution-processed small-molecular
film [12]. Currently, owing to the weak Van der Waals intermolecular forces and disordered structures
found in most organic semiconductors, band-like transport is not often observed. Instead, transport
is better characterised via a polaronic hopping mechanism.
2.7.2 Hopping Transport
In an effort to describe the charge transport properties of more disordered semiconductors (which is
applicable to organic small-molecular crystals and conjugated polymers) a number of models have
been developed that account for electron-phonon interactions and charge trapping effects. Histori-
cally, models were developed to describe charge transport in lightly-doped inorganic semiconductors
at low temperatures, including the Miller-Abrahams jump rate model [13] and the Variable Range
Hopping model [14], where charge transport is described by phonon-mediated hopping between shal-
low trap sites. In this case the trap sites are characterised by a constant density of states, whereas
the Multiple Trapping and Release model [15] (initially developed to describe hopping transport in
hydrogenated amorphous silicon) considered an exponential distribution of trap sites. Thermal ac-
tivation of the trapped charges leads to conduction along a narrow band before being subsequently
re-trapped. This model is often successfully applied to describe charge transport properties of or-
ganic semiconductor systems, however a more detailed description of polaron hopping and energetic
disorder is warranted.
Marcus Theory
Marcus theory attempts to address the lattice distortions associated with polaron hopping more
explicitly [16–18]. In this model, the polaron transition rate from an initial to a final site, ki→f ,
depends on a number of parameters, many of which may be calculated using quantum-chemical
methods:
ki→f =
|Ji→f |2
~
√
pi
λkBT
exp
(
−(∆E + λ)
2
4λkBT
)
(2.7)
where ∆E is the energy difference between initial and final sites and T is temperature. Structural
relaxation effects associated with polaron hopping are accounted for by the reorganisation energy, λ,
which takes into account both intra- and inter-molecular relaxation energies. Ji→f is the transfer
integral and increases with greater electronic coupling between sites. Marcus theory works well when
applied to molecular crystals, which are bound via Van der Waals forces but maintain a well-defined
packing structure or lattice. For increasing structural and energetic disorder, however, this model
fails to accurately describe charge transport, and an alternate approach is required.
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Ba¨ssler Disorder Model
For amorphous structures such as conjugated polymers, an approach to describe charge transport
based on energetic and spatial disorder, developed by Ba¨ssler, has been shown to be more success-
ful [19]. In this model, the effects of electron-phonon interactions on individual charge transitions
become insignificant compared to the energetic and spatial disorder of the material itself, and are
neglected. Energetic disorder arises from the distribution of conjugation lengths resulting from the
twists and deformations introduced to the conjugated backbone, usually through steric effects. By
observing the broadening of absorption peaks from conjugated polymers and using statistical Monte-
Carlo simulations, Ba¨ssler was able to relate the electric-field- and temperature-dependent mobility
(µ(E, T )) to the energetic and positional disorder, each characterised by a Gaussian density of states
with standard deviation σ and Σ, respectively.
µ(E, T ) = µ0 exp
{
−
(
2σ
3kBT
)2}
exp
{
C
[(
σ
kB
)2
− Σ2
]√
E
}
(2.8)
where µ0 is the mobility at the limit of infinite temperature and C is a constant related to the spacing
between hopping sites.
Depending on the particular organic semiconductor material (and morphology) that is being studied,
charge transport properties may be effectively characterised using a combination of polaron hopping
and disorder models. Although a unified theory does not yet exist, the suitability of one model over
another can itself provide meaningful insight into the fundamental charge transport mechanisms of
the organic semiconductor material under investigation. This can subsequently be applied to help
explain device performance.
2.8 Organic Field Effect Transistors
2.8.1 Operational Principles
One of the most important inventions of the previous century is the field-effect transistor. Initially
patented by Lilienfield in 1930 [20], successful operation of an FET was not demonstrated until 1948
by Shockley and Pearson [21]. The subsequent expansion in the understanding and application of
FETs means that now they are one of the most numerous man-made objects on earth, with one
chip containing many billions of FETs. FETs are essentially electronic switches, with a typical device
structure shown in Figure 2.10.
Organic Field-Effect Transistors (OFETs), although employing different materials and with charge
transport better described using different models, still exhibit similar device operation to inorganic
FETs in the accumulation mode. OFETs allow for the control of current flow between two electrodes
(source and drain) by the application of a third signal to the gate electrode, which is insulated from
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Figure 2.10: Typical FET device structure
the semiconductor by a dielectric layer. The source voltage VS is kept at ground while a gate bias
VG controls the conductivity of the device channel. Charges form when a bias VD is applied to the
drain electrode. The distance between the source and drain electrodes is defined as the channel
length, L, which is multiplied by the channel width, W , to define the active area of the device. This
configuration is called a thin-film transistor (TFT) and the device geometries commonly employed
(Figure 2.11) can lead to different transistor operating behaviours due to effects such as the nature
of the semiconductor-dielectric interface and injection of charges into the conducting channel.
Bottom Gate, 
Bottom Contact 
Bottom Gate, 
Top Contact 
Top Gate, 
Bottom Contact 
Figure 2.11: Common OFET device geometries
In the ‘OFF’ state no gate voltage is applied and the conductivity of the device reflects the low
intrinsic conductivity of the semiconductor. As a gate bias is applied, charges are accumulated at
the semiconductor-dielectric interface, depending on the geometric capacitance (Ci) of the dielectric
which is defined as
Ci =
0r
d
(2.9)
where 0 is the electric permittivity of free space, r is the relative permittivity of the dielectric and d
is the dielectric thickness. For p-type materials, a negative gate bias is applied to accumulate positive
charges along the semiconductor-dielectric interface. The gate bias VG is increased until the charge
trapping sites are filled, when VG = VTh, where VTh is the threshold voltage of the device. With
no drain bias applied (VD = 0), the charge density across the active layer is generally uniform. As
an increasing bias is applied to the drain electrode, charges begin to flow across the device, but the
charge density remains approximately constant and the source-drain current, IDS , increases linearly
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with applied VD. The point where the drain bias balances VG − VTh is called the “pinch-off” point,
because the local potential near the gate electrode is too low to induce free charges and therefore
the accumulation layer is effectively curtailed or pinched off at that point. Further increasing VD
beyond the pinch off point, the current flow cannot increase substantially between the source and
drain electrodes, and the device is now in the saturation regime (Figure 2.12).
VD<<VG-VTh VD=VG-VTh VD>VG-VTh 
Accumulated Charges Pinch-off 
Figure 2.12: Transition from linear to saturation operating regimes
2.8.2 Device Characterisation
Device operation may be characterised and parameterised by performing output and transfer mea-
surements. Linear and saturation regimes may be determined by sweeping the VD and monitoring
the IDS at different values of VG. Figure 2.13 shows the output characteristics for a TIPS-pentacene
bottom-gate bottom-contact transistor with 100 µm channel length and 2 mm channel width. Linear
and saturation regimes are indicated in the figure.
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Figure 2.13: Output characteristics for a bottom-gate bottom-contact TIPS-
pentacene OFET
Transfer characteristics are then taken from both the linear and saturation regimes by applying a low
and high bias, respectively, and monitoring the IDS as a function of applied gate voltage (Figure 2.14).
From the transfer characteristics, on- and off-currents may be compared. A high on/off current ratio
is important to clearly define the operational state of the transistor. The sub-threshold slope indicates
28
how sensitive the switching behaviour of the transistor is to the gate voltage, and ideally should be
very steep.
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Figure 2.14: Transfer characteristics for a bottom-gate bottom-contact TIPS-
pentacene OFET. Both linear and saturation regimes are indicated
Mobility values and threshold voltages, crucial parameters for a transistor, may be determined from
the transfer characteristics. Using inorganic FET models, the current-voltage relationships for the
linear and saturation regimes may be expressed as [22]:
Linear:
IDS = µlin
WCi
L
(VG − VTh)VD (2.10)
Saturation:
IDS = µsat
WCi
2L
(VG − VTh)2 (2.11)
The saturation equation may be re-written in terms of V
√
IDS =
√
µsat
WCi
2L
(VG − VTh) (2.12)
from which the saturation mobility can be derived from the gradient of the
√
IDS vs. VG curve (see
Figure 2.14). Extrapolation of a linear fit to
√
IDS = 0 enables the determination of the device
threshold voltage, a parameter that indicates the effect of charge traps and is related to the turn-on
voltage.
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2.8.3 Performance-Limiting Factors
Since the accumulation region is confined very close to the semiconductor-dielectric interface, device
parameters such as mobility and threshold voltage are strongly influenced by the nature of this
interface [23–25]. Ideally, the interface should be smooth with a constant dielectric thickness to avoid
variation in charge density, and abrupt so that the accumulation layer is well-defined. For bottom-gate
devices, inhomogeneity of the dielectric surface can lead to structural disorder in the semiconductor
layer which can increase the number of trapping sites [26]. Surface groups and impurities along the
interface can also lead to an increase in trap states that can be manifest in the output and transfer
characteristics as forward-reverse hysteresis (Figure 2.15). This can occur because as the device
is operated during electrical characterisation, trap states may be filled which shifts the threshold
voltage during measurement. Strategies employed to reduce the effect of charge trapping include
substitution of the gate dielectric layer or the deposition of a self-assembled monolayer (SAM).
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Figure 2.15: Saturation transfer characteristics of a TIPS-pentacene bottom-
gate bottom-contact OFET showing the effect of dielectric interface on charge
trapping. Without SAM treatment, surface groups act as trapping sites, visible
from the larger forward-reverse hysteresis in the red curve
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2.9 Anisotropy
Another important consideration in organic semiconductors is anisotropy [5, 27]. Anisotropy describes
the extent to which a material property is directionally dependent. This is in contrast to isotropy
whereby the material property is the same in all directions. While anisotropy may be defined in 3
dimensions, for the case of a planar device such as an OFET, it is adequate to consider only the
in-plane, 2-dimensional anisotropy.
Structural
Fundamental to the material anisotropy is the structure. As a simple example of structural anisotropy,
a comparison between a sphere and an ellipsoid is shown in Figure 2.16. In the case of the sphere,
all axes are of equal length (a = b = c) and it is therefore isotropic; in the case of the ellipsoid, one
of the axes is longer (a > b = c) and it is structurally anisotropic.
a 
b 
c 
a 
b c 
Sphere Ellipsoid 
Figure 2.16: Comparison between an isotropic sphere and an anisotropic ellipsoid
When evaluating anisotropy, it is important to consider the scale of the system being examined. For
example, using multiple anisotropic ellipsoid particles, both isotropic and anisotropic structures may
be constructed depending on the packing structure (Figure 2.17). A disordered packing (e.g. amor-
phous polymers) would lead to an isotropic structure, while an ordered packing (e.g. molecular
crystals) would lead to an anisotropic structure.
Isotropic Anisotropic 
Figure 2.17: Illustration of isotropic and anisotropic packing structures
Extending the scale further, the anisotropy of a film consisting of many (anisotropic) crystallites is
now evaluated. A film composed of small, randomly-oriented crystallites is considered isotropic, while
a film composed of large, commonly-oriented crystals would be considered anisotropic (Figure 2.18).
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Isotropic Anisotropic 
Figure 2.18: Using anisotropic crystalline grains, both isotropic and anisotropic
films may be formed, depending on the size/orientation of the grains
From the structural anisotropy, other anisotropic properties of the film may be considered, including
optical, vibrational and electrical anisotropy, which are discussed next.
Optical
Due to the difference in complex refractive index (and, in particular, extinction coefficient) along
different directions in an anisotropic sample, an optical absorption anisotropy may be observed. To
select different directions optically, a linearly-polarised light source may be used, with a variable
in-plane polarisation orientation. In the simple case of a single, uniaxially-aligned chromophore, a
dichroic ratio (DR) may be defined
DR =
APLL
APRP
(2.13)
where APLL and APRP are the absorbances obtained when the polarisation is oriented parallel and
perpendicular to the chromophore (absorption transition dipole) orientation, respectively.
Vibrational
Anisotropy of the vibrational modes of a material may be investigated using vibrational spectroscopy
techniques, for example Raman spectroscopy (see Section 3.2.6) [28, 29]. In a similar strategy to
optical absorption anisotropy, the excitation light source is linearly polarised. Raman anisotropy
is evaluated by monitoring the Raman scattering intensity as a function of polarisation in-plane
orientation, from which a Raman anisotropy order parameter (ARaman) may be determined using
ARaman =
IPLL − IPRP
IPLL + 2IPRP
(2.14)
where IPLL and IPRP are the parallel and perpendicular Raman scattering intensities, respectively,
relative to the polarised Raman mode.
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Electrical
The final anisotropic property investigated in this thesis is the field-effect mobility anisotropy (Aµ).
This is determined by incorporating the organic semiconductor film into an OFET device structure,
with the film aligned both parallel and perpendicular to the charge-transport direction, such that
Aµ =
µPLL
µPRP
(2.15)
where µPLL and µPRP are the parallel and perpendicular field-effect mobilities, respectively. Since
the field-effect mobility is a device parameter, the mobility anisotropy may be influenced by a number
of factors including
• intrinsic mobility anisotropy of the material
• grain boundary density and orientation
• impurity density and distribution
• semiconductor-contact interface
depending on the device structure, processing conditions and morphology of the film being investi-
gated [30, 31].
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Chapter 3
Experimental Methods
This chapter describes the experimental techniques employed throughout this thesis. First, the
sample preparation steps are detailed, including thin-film deposition and top-/bottom-gate transistor
fabrication. Second, the techniques used to explore thin film morphology are discussed, including
optical microscopy, atomic force microscopy, UV-visible absorption spectrophotometry and Raman
spectroscopy. Modifications to the apparatuses to consider polarisation effects are included where
applicable. Finally, the electrical characterisation techniques used to evaluate the charge transport
properties of the fabricated OFETs are outlined.
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3.1 Sample Preparation
To minimise sample contamination from air particulates most of the sample preparation was per-
formed in the cleanroom facility located in the Blackett Laboratory at Imperial College London.
This included solution and substrate preparation and spin coating. Zone casting was performed in a
Labcaire Aura 550L fume cupboard in ambient conditions.
3.1.1 Solution Preparation
Solutions were prepared in glass vials that were flushed with a nitrogen jet. Solute was measured
using a Mettler Toledo microbalance with a resolution of 0.1 mg. Solvents were then added to the
vial according to the desired solution concentration using an Eppendorf micro-pipette. Typically,
toluene or tetralin solvent was used for solution preparation, supplied from Sigma-Aldrich. Solutions
were typically heated to 60 °C to aid solubility and filtered using a 0.45 µm pore size for transistor
applications.
3.1.2 Substrate Cleaning
Considering that substrate surface properties play such an important role in OTFT charge transport
properties [1], meticulous substrate preparation and cleanliness are paramount. For this reason, a
standard cleaning protocol was developed and employed for all substrate preparation (apart from the
high-throughput initial film morphology studies using zone casting where charge transport properties
were not considered).
Substrates composed of glass, quartz or Si/SiO2 were mainly used. A combination of rinsing, drying
and ultrasonication using an ultrasonic bath manufactured by Decon was used according to the
following procedure:
1. acetone rinse
2. ultrasonication in acetone for 15 minutes
3. isopropyl alcohol (IPA) rinse
4. N2 jet to dry the substrates
5. ultrasonication in IPA for 15 minutes
6. IPA rinse
7. N2 dry
After the ultrasonication procedure, samples were then placed in an oxygen plasma asher (Emitech
K1050X)) and exposed at 100 W for typically 1–5 minutes, depending on the substrate. Following
plasma ashing, films were ready for solution deposition or further processing for transistor fabrication.
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3.1.3 SAM Treatment
The use of self-assembled monolayers (SAMs) has been shown to improve device performance by
passivating the dielectric surface (in bottom-gate transistors) [2], modifying the electrode proper-
ties [3] and inducing crystallinity [4]. A variety of different SAM materials and processing techniques
are available, but numerous reports [5–7] involving TIPS-pentacene transistors detail the beneficial
use of trichlorophenethylsilane (TCPS) for channel passivation and pentafluorobenzene thiol (PFBT)
for electrode modification, and are both used in this work. SAMs were obtained from Sigma-Aldrich.
The procedure is carried out immediately after plasma ashing using the immersion technique. SAM
solutions were prepared in separate petri dishes using:
• TCPS – 8 drops / 10 ml in toluene
• PFBT – 8 drops / 10 ml in IPA
SAM deposition was carried out using the following steps:
1. immersion in TCPS solution for 5 minutes
2. toluene rinse
3. N2 dry
4. IPA rinse
5. N2 dry
6. immersion in PFBT solution for 15 minutes
7. IPA rinse
8. N2 dry
3.1.4 Spin Coating
Spin-coated films were deposited in a fume cupboard using a spin coater manufactured by Laurell
Technologies Corporation with a model number WS-650SZ-6NPP/LITE. Samples were placed on a
rotating chuck and held in place using a low vacuum. An N2 jet was used to clear the substrate of
any particulates immediately before depositing the solution using a micro-pipette. Typical coating
parameters used were 1000 rpm spin speed for 60 s.
3.1.5 Top-Gate Bottom-Contact Transistors
Top-gate bottom-contact transistors were fabricated using pre-patterned substrates supplied by Cam-
bridge Display Technology Ltd., which were composed of a glass substrate and evaporated gold con-
tacts with 40 nm thickness and a 5 nm chromium adhesion layer. The device structure is shown in
Figure 3.1.
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Figure 3.1: Top-gate bottom-contact OTFT device structure used in this work
Substrates were cleaned in an ultrasonic bath according to the procedure outlined above and ashed
for 5 minutes at 100 W . Following the SAM treatment outlined above, active layer films were
deposited using zone casting.
The samples were then transferred to a nitrogen glovebox to complete the device structure. A
dielectric layer composed of CYTOP fluoropolymer (Asahi Glass Co.) was spin-coated on top of the
zone-cast layer for 60 s at 1000 rpm and dried on a hot plate for 5 minutes at 80 °C. The dielectric
film thickness (d) was measured to be 830 nm, from which the geometric capacitance (Ci) was
determined using the dielectric constant of CYTOP (r = 2.1) using
Ci =
0r
d
(3.1)
To complete the transistor, an aluminium gate electrode was deposited in an evaporation chamber
under a vacuum of ∼ 5× 10−6 mbar up to a thickness of ∼100 nm.
3.1.6 Bottom-Gate Bottom-Contact Transistors
Pre-patterned bottom-gate bottom-contact substrates were obtained from IPMS Fraunhofer, Dres-
den, Germany. Substrates were composed of n-doped silicon wafer, which forms the common gate
electrode, and a thermally-grown SiO2 dielectric layer with thickness 230± 10 nm. Gold source and
drain contacts with a thickness of 30 nm and a 10 nm ITO adhesion layer were patterned using the
lift-off technique. Substrates were first cleaned using the standard procedure outlined above, with
the ultrasonication sequence repeated once, followed by TCPS and PFBT SAM layer deposition.
Substrates were then ready for active layer deposition, spin coating or zone casting. The device
structure is shown in Figure 3.2.
16 devices with 2 mm channel width were available per 15 × 15 mm test chip, divided into four
channel lengths of L=20, 10, 5 and 2.5 µm. From the four devices per channel length, two orthogonal
channel-length orientations were available, so that anisotropic properties could be measured.
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Figure 3.2: Bottom-gate bottom-contact OTFT device structure
3.2 Morphology Characterisation
After sample fabrication, morphology was probed using a combination of microscopy and spectroscopy
techniques. Lateral morphology was determined using optical microscopy (down to a resolution of ∼1
µm) and atomic force microscopy (AFM) for higher-resolution topography images (resolution ∼10
nm). Intra- and inter-molecular morphology was indirectly determined using UV-visible absorption
(opto-electronic) and Raman (vibrational) spectroscopy.
3.2.1 Optical Microscopy
Optical microscopy was used as a quick method to observe the morphology of organic semiconductor
thin films. Two microscopes were used in this work: unpolarised images were taken using a Leica
DM 2500M microscope with magnifications of 5–50X; crossed-polarised images were taken using
a Nikon LV100 microscope. Both microscopes were used in reflection mode. The use of crossed
polarisers enhances the contrast of crystalline domains and exploits the birefringent scattering from
crystals (Figure 3.3). Amorphous phases appear dark while highly-crystalline regions appear bright.
Un-Polarised Cross-Polarised 
Figure 3.3: Comparison between un-polarised and cross-polarised optical images
taken of a spin-coated TIPS-pentacene OFET.
3.2.2 Atomic Force Microscopy
High-resolution film morphologies were determined using Atomic Force Microscopy (AFM) to measure
film topography. An “NTegra” model AFM manufactured by NT-MDT, Russia was used in the non-
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contact or tapping mode to avoid damaging the organic films. A schematic of the AFM measurement
setup is shown in Figure 3.4.
Figure 3.4: Schematic diagram of an AFM apparatus. Variations in sample
topography result in deflections of the cantilever which is detected using a laser
and photodiode
A silicon cantilever is oscillated at a typical frequency of 140 kHz using a piezoelectric cantilever
holder. The sample is affixed on top of a piezoelectric stack/scanner. The sample is raised until it
begins to interact with the AFM tip (tip curvature ∼10 nm) which is detected via a deflection of the
AFM cantilever. The deflection is monitored using an 830 nm laser beam reflected from the end of
the cantilever to a four-quadrant photodetector. As the sample is scanned beneath the AFM tip, the
tip-sample interaction is maintained to a constant value by raising or lowering the sample according
to the topography. The vertical deflection of the scanner is recorded to construct a topography map
of the scanned region.
3.2.3 UV-Visible Absorption Spectrophotometry
UV-visible absorption measurements were performed using a Shimadzu UV-2550 spectrophotometer.
Broad-band light is passed through a monochromator which separates the light into its constituent
wavelengths. An exit slit selects a narrow band of wavelengths (slit width ∼1 nm) which then passes
through the sample chamber into a photodetector which measures the intensity of light as a function
of wavelength.
To determine the optical absorption of the organic semiconductor film, first a baseline measurement
is performed without any sample present and in the dark to determine the reference photodetector
signal. Next, the transmittance spectrum of a substrate is measured and finally the transmittance
of the substrate+film is acquired. The transmittance (T ) spectra are converted to absorbance (A)
using Beer’s law
A = −log10(T ) (3.2)
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The contribution to absorbance from the substrate may then be subtracted from the substrate+film
absorbance to determine the film-only absorption properties. The effects of light scattering are empir-
ically corrected by subtracting the background absorbance such that the long-wavelength absorption
tail is set to zero. Absorbance spectra of different samples are generally compared by normalising
each spectrum to a pre-determined absorption feature (usually the highest-intensity peak).
3.2.4 Polarised UV-Visible Absorption Spectrophotometry
To examine the anisotropic optical properties (dichroic properties) of aligned films, the UV-visible
absorption spectrophotometer was modified using a broad-band wire-grid polariser from Edmund
Optics placed in a rotating optical mount (Thorlabs). This rotating polariser was then placed in
the beampath as indicated in Figure 3.5, and transmittance spectra taken at a range of polarisation
angles. In a similar procedure outlined above, the dichroic properties of the film only may be
determined by first measuring the transmittance of the substrate+polariser at each polarisation
angle and removing this contribution from the measured substrate+polariser+film spectrum.
Rotating 
Wire-grid polarizer Aperture Sample 
Figure 3.5: Modification to the beam path for polarised UV-visible absorption
measurements
3.2.5 Raman Spectroscopy
Raman spectra were acquired using a Renishaw inVia Raman spectrometer coupled to a Leica mi-
croscope in the back-scattering configuration. A 50X objective was used to focus a laser spot with
lateral size ∼1 µm on to the sample. A range of wavelengths were available from three laser sources:
785 nm laser diode (Renishaw HPNIR785), 633 nm He-Ne laser (Renishaw RL633) and 514, 488,
457 nm argon ion laser (Modu-Laser Stellar-REN). The setup is shown in Figure 3.6.
The Raman effect was first observed by C. V. Raman in 1928 for which he won the Nobel Prize in
Physics [8, 9]. For non-resonant Raman spectroscopy a laser excitation wavelength is chosen to excite
the HOMO electrons to a sub-gap virtual state (Figure 3.7). Most of the light is elastically scattered in
a process known as Rayleigh scattering. A small proportion of light, however, is inelastically scattered
due to phonon interactions. Scattered photons may have a lower energy resulting in a Stokes shift
to their wavelengths. The energetic difference between Rayleigh- and Stokes-scattered light is called
the Raman Shift (usually quoted in wavenumbers) and depends on the specific vibrational properties
of the material.
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AFM tip 
Mapping 
stage 
Figure 3.6: Renishaw inVia Raman Spectroscopy set-up
In contrast to infrared (IR) absorption modes which are active if there is a change in the dipole
moment (µ) during a molecular vibration, Raman-active modes (vibrations) involve a change in the
polarizability (α) [8]. IR absorption and Raman scattering intensities may thus be expressed as
IIR ∝
(
∂µ
∂q
)2
0
(3.3)
IRaman ∝
(
∂α
∂q
)2
0
(3.4)
where q is the normal coordinate of the vibration.
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Figure 3.7: Schematic energy level diagram showing Raman transitions between
vibrational states (ν) of the ground electronic state (S0). IR absorption transition
also shown for comparison
Raman spectra are generated by measuring, using a monochromator and peltier-cooled CCD detector,
the intensity as a function of Raman Shift. Before performing Raman measurements, lasers were
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allowed to warm up for half an hour. The Raman Shift is calibrated using a standard silicon calibration
sample with a known Raman peak at 520.5 cm−1. Acquisition and analysis of the Raman spectra
was achieved using the proprietary WiRE 3.2 package supplied by Renishaw.
3.2.6 Polarised Raman Spectroscopy
Since the Raman lasers are plane-polarised, the Raman scattering intensity may depend on sample
orientation when performing measurements on anisotropic samples. This effect was observed for
TIPS-pentacene single crystals, where rotation of the sample changed the relative peak intensities of
different Raman modes. Indeed, angle-resolved polarised Raman spectroscopy has been previously
exploited to determine anisotropic properties such as molecular orientation in organic semiconductor
thin films [10, 11]. The method of film rotation has some key disadvantages, mainly that movement
of the sample causes drift in the laser illumination area especially considering that the laser spot profile
is not perfectly circular. A better method would be to fix the sample and rotate the orientation of
plane-polarised light incident on the sample. The commercial Raman set-up was modified accordingly,
schematically shown in Figure 3.8.
C++ 
Raman Microscope 
Software trigger for 
automated polarisation 
rotation Servo 
Motorised 
optical mount 
Rotating 
Half-Wave 
Plate 
Figure 3.8: Insertion of a half-waveplate in the Raman beampath to control the
orientation of plane-polarised laser light incident on the sample
To control to polarisation rotation angle, a half-wave plate (HWP) was mounted in an automated
rotating stage (Thorlabs) and placed in the beampath between the dielectric mirrors and the micro-
scope. The rotation was controlled using a custom C++ application to interface with the rotation
control program. After each Raman spectrum acquisition, a software trigger was automatically sent
from the Raman measurement software and received by the rotation application which directed the
half-wave plate stage to rotate at a pre-defined angle. In this way, a series of polarised Raman spectra
were acquired. The change in HWP rotation angle (∆θHWP ) is related to the change in incident
polarisation angle (∆θI) as
∆θI = 2∆θHWP (3.5)
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Optical components in the Raman spectrometer may contribute to anisotropy in the measured spec-
tra. To check the apparatus anisotropy, polarised Raman spectra from 0 to 360° were taken from an
(isotropic) toluene solution. The variation in intensity from the 785 nm laser was found to be less
than 5 % and the calibration curve used to correct for the device anisotropy.
3.2.7 Raman Mapping
Raman mapping was performed using the ‘Streamline Mapping’ function available on the proprietary
WiRE 3.2 program. Raman spectra were obtained while an automated mapping stage controlled the
sample position relative to the static laser beam spot.
3.3 Electrical Characterisation
Since TIPS-pentacene devices have been shown to be relatively air-stable [12], electrical characteri-
sation of the devices was performed in air. Contacts to the source and drain electrodes were achieved
using a home-built probe apparatus, while silver paste (RS Electronics) was applied to the cleaved
substrate edge to establish electrical contact with the common doped-silicon gate electrode.
Electrical measurements were performed using an Agilent B2902A dual-channel source/measure unit.
The source electrode was connected to the ground (Low Force) terminal on both channels, while
the drain and gate electrodes were connected to the bias (High Force) terminals of each channel.
Output characteristics were measured by performing forward-reverse sweeps of the drain voltage while
monitoring the source-drain current. The gate channel was stepped to different voltages and the
absolute value of drain current plotted in a linear-linear graph. For transfer characteristics, the gate
voltage was swept in a forward-reverse scan at pre-defined drain voltages, depending on the regime
(linear or saturation). Transfer characteristics were plotted by first calculating the absolute value of
source-drain current and plotting the logarithmic current in a log-linear graph.
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Chapter 4
Developing a Technique to Probe
Molecular Order and Orientation
This chapter describes the development and application of angle-dependent polarised Raman spec-
troscopy to the characterisation of local molecular order and orientation in 6,13-bis(triisopropyl-
silylethynyl) pentacene (TIPS-pentacene) thin films and OFETs fabricated using the inkjet printing
method.
The effect of surface treatment of SiO2 and gold substrates using self-assembled monolayers (SAMs),
namely trichlorophenethylsilane (TCPS) and pentafluorobenzenethiol (PFBT), is first studied. Sec-
ond, the impact of blending an insulating polymer (polystyrene (PS)) with the TIPS-pentacene is
investigated. Polarised Raman spectroscopy is demonstrated to be an effective technique to deter-
mine the degree of molecular order as well as to spatially resolve the orientation of the conjugated
pentacene cores of the TIPS-pentacene molecules.
Finally, the dependence of varying the channel length on the local morphology of TIPS-pentacene:PS
blend thin films in device structures is examined. These observations are then correlated to transistor
performance to elucidate the essential role that morphology plays on charge transport properties.
This work was carried out in collaboration with Dr B. K. Charlotte Kjellander, Holst Centre/TNO, The
Netherlands (who performed the OFET fabrication and electrical characterisation) and is published
in Reference [1].
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4.1 Introduction
Recent work on small-molecule-based OFETs has focused on controlling the morphology of the
organic semiconductor material in the thin active layer next to the gate dielectric, thus improving
charge carrier mobilities and reducing the variability between devices fabricated using the same
process. One such technique is to use organic small-molecule/insulating polymer blends [2–4] as the
active layer in solution-processed OFETs in an effort to harness both the intrinsic high mobilities of
small molecules [5] and the stabilising effect of polymers. Despite advances in OFET research, there
remain numerous scientific challenges in device optimisation and characterisation including, among
others, understanding the molecular orientation within the active channel and the role of domain
boundaries and uniformity within and between devices [6]. Establishing a deeper understanding of
the thin-film morphology of organic layers in device structures and relating this to charge transport
properties would provide a more solid grounding with which to improve OFET fabrication techniques
and thus, performance.
TIPS-pentacene has proven to be a useful material to explore OFET fabrication techniques in-
cluding spin coating [2], drop casting [7], dip coating [8] and inkjet printing [9]. Inkjet printing
particularly is a well-established technique in the controlled deposition of organic semiconductor
inks for the fabrication of OLED displays due to advantages such as efficiency of material use,
high-resolution patterning, good reproducibility and ease of scalability [10–12]. The use of inkjet
printing for small-molecule/polymer blend OFETs is relatively new [13] and would benefit from a
better understanding of the morphology that evolves for the active ink droplet in the device. For
example, small-molecule/polymer blends [3, 4] have been shown to improve device-to-device uni-
formity and ease of processing while retaining high mobility values. They also allow fabrication of
high-performance organic integrated circuits [14]. While improvements in morphology have been
monitored by optical and scanning probe microscopies and inferred by better device characteristics,
one of the problems is to understand in full the structural basis of these improvements [15]. Work has
been done on the vertical structure of blend devices showing segregation of small-molecular material
at the top and bottom interfaces [4, 9, 16–18], however there is a need for further study on the lateral
morphology of small-molecule OFETs and how this relates to device performance. As a consequence,
additional probes of the spatially-resolved morphology of the active layer in OFET device structures
would be highly desirable. In this regard, it is noted that micro-Raman spectroscopy has proven
to be a useful tool in determining the morphology of organic semiconductor thin films [19–23]. In
addition to a high spatial resolution (∼1 µm compared to ∼10 µm in FT-IR), Raman spectroscopy
is a simple, non-destructive technique that requires no prior sample preparation and allows for the
in-situ characterisation of working devices [24, 25]. Angle-dependent polarised Raman spectroscopy
can be used to look at the local molecular alignment of polycrystalline thin films deposited using
alignment techniques such as zone-casting [26]. The primary advantage of Raman spectroscopy over
other structural analysis techniques such as XRD is the ability to map out local changes in molecular
structure rather than measuring the ‘average’ structure of a thin film or device.
In this chapter, polarised Raman spectroscopy is applied to the characterisation of local molecular
order and orientation of TIPS-pentacene thin films deposited using the inkjet-printing method. The
effect of surface treatment of SiO2 and gold substrates using SAMs on the morphology of TIPS-
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pentacene is also studied. Secondly the impact of blending polystyrene with the TIPS-pentacene is
explored. Finally the dependence of varying the channel length on the local morphology (molecular
order and orientation) of TIPS-pentacene:polystyrene blend thin films in device structures is inves-
tigated. These observations are then correlated to transistor performance to elucidate the essential
role that morphology plays in determining the charge transport properties of OFETs.
4.2 Raman Spectroscopy of TIPS-pentacene
0
500
1000
1500
2000
2500
1000 1100 1200 1300 1400 1500 1600 1700 1800
R
a
m
a
n
 I
n
te
n
s
it
y
 (
c
.p
.s
.)
Raman Shift (cm
-1
)
1158
1194
1374 1578
Short axis 
Long axis 
(a) (b) 
Figure 4.1: (a) Raman spectrum (under 785 nm excitation) of a TIPS-pentacene
thin film inkjet-printed on a PFBT-treated gold substrate. At this excitation, no
peaks from polystyrene are observed in TIPS-pentacene:PS blend spectra, there-
fore pristine and blend spectra are virtually identical; (b) TIPS-pentacene molec-
ular structure
Before exploring the polarisation dependence of the Raman peaks, the vibrational properties of the
different Raman modes of TIPS-pentacene are discussed. Figure 4.1 (a) shows the Raman spectrum
of a TIPS-pentacene single-droplet thin film, inkjet-printed on PFBT-treated gold. The molecular
structure of TIPS-pentacene is shown in Figure 4.1 (b). By comparing the experimentally-obtained
spectrum with the DFT-calculated vibrational frequency spectrum (see Appendix D), Raman mode
assignments are made as shown in Table 4.1. The C-H bending modes (from the ends and sides
of the pentacene core) assigned here are in good agreement with the equivalent previously-assigned
modes in un-substituted pentacene thin films [27–29]. Additionally, two C-C ring stretch modes are
assigned (1374 cm−1 and 1578 cm−1) with the carbon atoms predominantly vibrating along the
short and long molecular axis, respectively (axes indicated in Figure 4.1 (b)). Since the pentacene
backbones are lying almost ‘edge-on’ in the plane of the substrate [30], these long- and short-axis
modes (1374 cm−1 and 1578 cm−1) can be used as a signature of in-plane orientations of the long
and short axes of the pentacene backbones in the films. When the laser polarisation aligns parallel
to the short axis, a maximum Raman scattering intensity will be observed for the 1374 cm−1 (short
axis) mode; likewise for the 1578 cm−1 (long axis) mode. Experimentally, other modes also show
high polarisation anisotropy in ordered films (e.g. C-H bending modes), however the 1374 cm−1
and 1578 cm−1 modes have the highest scattering intensities and therefore will be the focus of this
chapter.
The commercial Raman microscope was modified using an automatically-rotating half-wave plate,
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Wavenumber (cm−1) Mode Assignment
1158 C-H bending (ends)
1194 C-H bending (sides)
1374 C-C ring stretch (short axis)
1578 C-C ring stretch (long axis)
Table 4.1: TIPS-pentacene Raman modes assignments based on DFT calcula-
tions (see Appendix D)
interfaced with the Raman acquisition software, to rotate the polarisation angle of the plane-polarised
Raman excitation laser (see Section 3.2.6). To verify the orthogonality of these modes in polycrys-
talline TIPS-pentacene thin films, the Raman intensities of both long- and short-axis modes were
measured as a function of incident laser polarisation angle within a large crystalline TIPS-pentacene
domain (Figure 4.2). Both peak intensities varied as cos2(θ), with the short- and long-axis modes
being 90 ° out of phase as expected.
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Figure 4.2: Intensity of short- and long-axis Raman modes as a function of
polarisation angle. A cos2(θ) curve fit is applied as a guide
Next, to demonstrate how powerful angle-dependent polarised Raman spectroscopy can be, it is
used here to distinguish between ordered / disordered regions in a thin film, and furthermore to
determine the degree of local molecular order in these regions. The Raman anisotropies of ordered /
disordered regions for a thin film fabricated with a different pentacene derivative are first studied.
Asymmetric 6-(triisopropyl-silylethynyl),13-(triethyl-silylethynyl) pentacene (TIPS/TES-pentacene)
(chemical structure shown in Figure 4.3 (inset)) is drop cast from toluene solution on quartz at
room temperature. The resulting film is composed primarily of disordered material, with crystalline
domains (size > 100 µm) forming only at the film edges. Representative Raman spectra (under 785
nm excitation) from the disordered and ordered regions are shown in Figure 4.3. The features from
the Raman spectrum are in good agreement with the TIPS-pentacene Raman spectrum (Figure 4.1),
which is expected since the Raman modes in the region shown arise from vibrations within the
pentacene core rather than the bulky side groups.
While the TIPS/TES-pentacene Raman spectrum from the disordered region is accompanied by a
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Figure 4.3: Raman spectra of ordered (solid line) and disordered (dashed line)
regions of a TIPS/TES-pentacene film (optical images shown on graph). The
TIPS/TES-pentacene chemical structure is shown inset
fluorescence background, the spectrum from the ordered region has dramatically reduced fluorescence.
No fluorescence was detected from the pristine quartz substrate. The quenching of background
fluorescence is characteristic of the formation of H-aggregates, which causes the splitting of the
exciton bands such that the lower band becomes non-emissive and has been previously reported for
similar materials [31, 32]. The intensity of the C-C (short-axis) mode is plotted as a function of
polarisation angle for both morphologies, in Figure 4.4. The anisotropy can then be calculated using:
A =
IMAX − IMIN
IMAX + 2IMIN
(4.1)
where IMAX and IMIN are the highest and lowest scattering intensities, respectively. Quantifying
the anisotropy gives an indication of the degree of molecular order (where A = 1 for purely ordered
phases and A = 0 for purely disordered phases), while the angular position of the maximum intensity
(θMAX) gives an indication of the mean in-plane orientation of the pentacene backbones. The
disordered phase shows little or no anisotropy in the C-C (short axis) mode intensity, while the
ordered phase gives an anisotropy value of ∼0.4. By measuring the fluorescence background and
vibrational transitions of the molecules it is therefore possible to gain information about the molecular
order and the morphology of the thin film, which is an important factor in determining the optical
and charge transport properties of organic semiconductors and, therefore, the device performance of
OFETs.
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Figure 4.4: Integrated intensity of the C-C (short axis) Raman mode in the
ordered (•) and disordered (◦) regions of the film as a function of incident po-
larisation angle. A cos2θ curve fit (solid line) is shown for reference
4.3 Thin-Film Morphology Characterisation
Initial morphology characterisation is performed on single-droplet inkjet-printed TIPS-pentacene thin
films on un-patterned SAM-treated substrates. It is clear from the cross-polarised optical images
(Figure 4.5) that the films deposited on a PFBT-treated gold substrate show a more pronounced
appearance of large (> 10 µm) crystalline domains growing radially inwards from the droplet edge,
compared to the more granular/disordered morphology of the films deposited on a TCPS-treated
SiO2 substrate.
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Figure 4.5: Optical unpolarised (left) and cross-polarised (right) images of inkjet-
printed droplets containing (a, b) TIPS-pentacene and (c, d) TIPS-pentacene:PS
blend deposited on (a, c) PFBT-treated gold and (b, d) TCPS-treated Si/SiO2
substrates
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Previous studies suggested that the different morphologies from both substrates can be explained
by the effect of substrate surface energy on the drying dynamics of the droplets [33, 34]. To gain
further information on the degree of order in the different films, angle-dependent polarisation plots
of the C-C ring stretch (short axis) mode, taken from within a single domain near the centre of the
droplet, are shown (Figure 4.6).
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Figure 4.6: Raman intensity of the C-C ring stretch (short axis) mode as a
function of polarisation angle, taken from points within a domain from each de-
posited droplet (circled red in Figure 4.5 (a-d)). Corresponding values of the
anisotropy (calculated using Equation 4.1) are recorded in the bottom left corner
of each of the plots. Data from droplets deposited on gold/PFBT (a,c) show
higher anisotropy values than droplets deposited on Si/SiO2/TCPS (b,d). Pen-
tacene backbone orientations are indicated in red. The highest anisotropy is for
TIPS-pentacene:PS deposited on PFBT-treated gold (c) and the lowest for TIPS-
pentacene:PS on Si/SiO2/TCPS (d)
The films deposited on PFBT-treated gold substrate showed higher anisotropy (∼0.84–0.87) than the
films on TCPS-treated SiO2 substrate (∼0.27–0.33), consistent with the observations from the optical
images. Higher anisotropy would indicate that, within the laser spot area, a larger proportion of the
pentacene backbones are aligned in a common direction, i.e. higher molecular order at the ∼1 µm
scale. Studies have shown that TIPS-pentacene molecules readily form crystalline domains in the
solid state due to the effect of the bulky side-groups [33], therefore the change in molecular order here
is attributed to a change in the size of TIPS-pentacene crystallites. Randomly-oriented crystallites
much smaller than the laser spot-size would lead to very low Raman anisotropy, but crystallites with a
size comparable to or larger than the laser spot would exhibit high Raman anisotropy. Comparing the
TIPS-pentacene and TIPS-pentacene:PS droplets on PFBT-treated gold in Figure 4.6 (a) and (c),
it is determined that the mean orientation of pentacene backbones within the domains probed are at
∼30° and ∼60° from the vertical, respectively. Interestingly, within these domains there is very little
difference in the degree of molecular order between (neat) TIPS-pentacene and TIPS-pentacene:PS
blend, suggesting that blending does not disrupt the pi − pi stacking of TIPS-pentacene molecules.
Indeed, the blend film shows marginally higher anisotropy.
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4.4 OFET Morphology Characterisation
Characterisation of complete OFETs is performed using a combination of optical microscopy, AFM
and spatially-resolved Raman spectroscopy. Figure 4.7 shows the cross-polarised optical images of a
40 µm channel length OFETs printed using (a) TIPS-pentacene and (b) TIPS-pentacene:PS inks.
Optical microscopy provides a quick method to characterise the thin film. The droplet is surrounded
by a thick rim of TIPS-pentacene material, a so-called ‘coffee stain’ effect [35]. The ‘coffee stain’
rims and the centre of the deposits appear brighter in the cross-polarised micrographs due to the
larger amounts of birefringent crystals in these regions. The topography of a rectangular zone in
the plane of the film (indicated by the red dashed line) is determined using atomic force microscopy
in non-contact mode (c, d). From the topography data, the rim thickness is determined to be
80–100 nm with the mean thickness of the polycrystalline region towards the centre of the droplet
being 20–30 nm thick.
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Figure 4.7: Cross-polarised optical images of (a) TIPS-pentacene and (b) TIPS-
pentacene:PS OFET with 40 µm channel length; (c,d) Tapping mode AFM to-
pography images of respective OFETs taken from the areas highlighted in red;
(e) Schematic diagram showing the entire OFET device structure (top view) with
inter-digitated source and drain contacts. Raman / AFM line-scan directions in-
dicated using red arrows
To gain a further understanding of the droplet film morphology, Raman line-scans are performed
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along the channel-width and channel-length directions (indicated by the red arrows) in both the
TIPS-pentacene (Figure 4.8) and TIPS-pentacene:PS (Figure 4.9) OFETs. From these line-scans,
the integrated intensities of both the pentacene backbone C-C short-axis (blue) and long-axis (red)
modes are extracted and plotted as a function of distance across the droplet. Complementary height
profiles (taken from the same regions as the Raman measurements) are then extracted from the AFM
scans, in order to compare with the Raman data.
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Figure 4.8: Raman/AFM characterisation of TIPS-pentacene OFET. Cross-
sections are first taken along the channel-width direction (vertical arrow) showing
topography (left) and Raman mode intensities (right). Both the C-C short-axis
(blue) and C-C long-axis (red) mode intensities are plotted in the Raman data.
Subsequently, cross-sections along the channel length direction (horizontal arrow)
are taken showing topography (top) and Raman mode intensities (bottom). The
locations of the inter-digitated contacts are highlighted in gold. Mean pentacene
backbone orientations measured from within selected domains (indicated by ar-
rows) are shown on the Raman plots
Along the channel-width direction (vertical scan), the topography data (Figure 4.8 (left)) indicates
that most of the OFET is covered by a ∼20 nm-thick TIPS-pentacene layer, with a ∼80 nm-thick
rim and a void in the centre. Turning to the Raman data (Figure 4.8 (right)), the spikes in the
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integrated Raman intensities coming from the droplet edges are consistent with the thick rim seen in
the topography data (material accumulation in the ‘coffee stain’). Inside the droplet, however, there
is a large variation in integrated C-C short-axis and long-axis mode intensities. Since the polarisation
vector of the incident laser light is aligned perpendicular to the gold contacts, pentacene backbones
also oriented perpendicular to the contacts would give a high C-C (long axis) mode intensity (and
corresponding low C-C (short axis) mode intensity), and backbones oriented parallel to the contacts
would give a high C-C (short axis) mode intensity (and corresponding low C-C (long axis) mode
intensity). By comparison with the cross-polarised optical image, it is evident that the C-C modes
vary only gradually within a micro-crystalline grain but change dramatically at the grain boundaries.
This suggests that the pentacene backbones are ordered along a common direction within a grain
and change abruptly in orientation between grains.
To more accurately determine the mean orientation of the pentacene backbones within the domains,
a polarisation rotation series is measured at the centre of each crystalline domain (away from the
grain boundaries). Measured pentacene backbone orientations are indicated in the figure (Figure 4.8
(right) and (bottom)), confirming the large variation in pentacene orientation between grains.
Along the channel-length direction (horizontal scan) the topography is much more varied (Figure 4.8
(top)). The gold contacts can be seen as periodic ∼30 nm-high features (shaded in gold in the
figure). The regions between the contacts (numbered in the figure) will now be described together
with the Raman data (Figure 4.8 (bottom)). At contact 1 there is an accumulation of TIPS-
pentacene from the ‘coffee stain’ rim and also an enhanced TIPS-pentacene Raman signal. There
are two main factors involved in the enhancement of the Raman signal: firstly, a higher Raman
signal would be expected from a thicker region of the film (as observed in the topography) and
secondly there is an optical enhancement caused by the reflection of laser light from the gold. This
would effectively increase the laser intensity in the exposed region and lead to an increase in Raman
scattering intensity. Between contacts 1 & 2, the topography is mostly flat and the Raman signal is
close to zero. The Raman data indicates that there is a small amount of TIPS-pentacene material in
this region despite being barely visible in the AFM scan. Between contacts 2 & 3 there is a uniform
∼10 nm-thick TIPS-pentacene grain accompanied by a large increase in the Raman signal. Since the
intensity of the short-axis mode (blue) is much higher than the long-axis mode (red), this suggests
that the pentacene molecules in this grain are oriented predominantly parallel to the gold contacts.
The mean molecular orientation determined by polarised Raman is shown in the figure. Between
regions 3 & 4 the topography profile decreases and the Raman signal gradually decreases, however
it does not reach zero, suggesting the presence of a very thin layer of ordered TIPS-pentacene.
Between contacts 4 & 5 the topography profile is at its highest which suggests a relatively thick
TIPS-pentacene region, however note that the Raman signal is less than in region 2-3 indicating a
less ordered TIPS-pentacene region resulting from smaller grain sizes. It is important to emphasize
that the Raman data does not correlate proportionately to the topography data; rather it provides
information both on the amount of material and on the degree of order in the thin film up to the
∼1 µm-scale.
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4.4.2 TIPS-Pentacene:PS
Equivalent measurements are performed on the TIPS-pentacene:PS device as shown in Figure 4.9.
From the cross-polarised optical image (Figure 4.7 (b)) and the AFM topography image (Fig-
ure 4.7 (d)), it appears that that the outermost PFBT-treated gold contacts act as a nucleation
site for the crystalline grains, with the crystals growing radially inwards towards the centre. Once
the initial nucleation has occurred however, the crystals grow over the subsequent contacts without
being disrupted. The thick edges of the droplet (from the topography profile) are correlated with
strong integrated Raman intensity peaks at the edges and are caused by the accumulation of TIPS-
pentacene material in the ‘coffee stain’ rim, due to the convective flow of solvent from the centre to
the edge [34]. Angle-dependent polarised Raman measurements of the coffee ring structure showed
no anisotropy or preferential crystalline orientation, indicative of randomly oriented TIPS-pentacene
nano-crystals, and supported by previous GIXRD results [36].
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Figure 4.9: Raman/AFM characterisation of TIPS-pentacene:PS OFET. Cross-
sections are first taken along the channel width direction (vertical arrow) showing
topography (left) and Raman mode intensities (right). Both the C-C short-axis
(blue) and C-C long-axis (red) mode intensities are plotted in the Raman data.
Subsequently, cross-sections along the channel length direction (horizontal arrow)
are taken showing topography (top) and Raman mode intensities (bottom). The
locations of the inter-digitated contacts are highlighted in gold. Mean pentacene
backbone orientations measured from within selected domains (indicated by ar-
rows) are shown on the Raman plots
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Along the channel-width direction (vertical scan), the topography profile (Figure 4.9 (left)) is mostly
homogeneous with an even coverage (∼20 nm-thick) across the device apart from at the thick
rim edges and a 5–10 nm protrusion at the very center of the droplet encircled by an ∼80 µm
diameter ring of similar height. The Raman C-C long- and short-axis modes are almost uniform
along the channel width (Figure 4.9 (right)). This indicates that, compared to the TIPS-pentacene-
only device, there is less pronounced variation in pentacene backbone orientation between grains.
The topography scan across the channel length (Figure 4.9 (top)) again indicates that the film is in
general flatter than that within the TIPS-pentacene-only device (with the latter characterised by a
more inhomogeneous coverage across the device).
In addition, another clear difference between the pure TIPS-pentacene and the blend OFETs is
the Raman signal at the central point. For the blend sample the Raman signal drops to zero in
the very centre (Figure 4.9 (right) and (bottom)), and the drop-off in signal is accompanied by
a sharply defined region of high intensities for both the long and short pentacene backbone axes
immediately adjacent to the central point. The distinct absence of TIPS-pentacene Raman signals
from the central point tells us that no TIPS-pentacene is present there (within the detection limits
of the Raman system). However there is not a void in the centre; instead a slight protrusion is
observed which is seen from the AFM topography profile (Figure 4.9 (left) and (top)). From these
two observations it is inferred that there is a polystyrene-rich domain at the very centre of the
droplet film. The accumulation of isotropic materials at the centre of small inkjet droplets, in this
case polystyrene, can be explained qualitatively by the three-stage drying dynamics of a droplet of
solution [34, 37, 38]. First, the contact line of the deposited droplet is pinned to the surface during
the initial stage of drying. The evaporation-rate profile, which is position-dependent over the droplet,
gives rise to Marangoni forces which transport TIPS-pentacene and polymer towards the contact line.
At the contact line the materials solidify and create the high ‘coffee stain’ rims. During the second
phase of drying, the contact line sweeps over the surface. In this phase the long crystalline needles
grow with the slipping contact line, from the perimeter radially inwards towards the centre. Close
to the centre an increase in Raman signals from an accumulation of TIPS-pentacene molecules is
observed, oriented in all directions, with their pentacene backbone long-axis parallel to the substrate
plane.
Recently it was shown that the TIPS-pentacene morphology depends on the speed at which the
meniscus sweeps across the substrate with thin, small-grained TIPS-pentacene films observed for
high meniscus speeds [8]. Similar effects have been observed for other small molecule / polymer
blends with fast drying times yielding small grains [15]. It can therefore be deduced that the slipping
speed of the contact line is highest during the second drying phase, just before it becomes pinned
again. During the final stage of drying the ink remains pinned in a small volume at the centre of
the droplet, until it totally solidifies (with the more mobile TIPS-pentacene small molecules phase-
segregating) leaving behind a polystyrene-rich protrusion. The presence of polystyrene at the centre,
for identical ink and processing conditions, has recently been reported elsewhere [39].
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4.5 Effect of Channel Length
In order to explore the effect of channel length on device morphology, TIPS-pentacene and TIPS-
pentacene:PS devices with 5 µm channel length are probed using polarised Raman spectroscopy.
Angle-dependent C-C (short axis) mode plots are measured at regular intervals along the channel-
length (charge transport) direction, shown in Figure 4.10. All plots are to scale.
The first difference between the devices is the larger variation in intensity seen in the TIPS-pentacene
device relative to the blend device, indicating that TIPS-pentacene exhibits a larger variation in
thickness across the film. Point 4 (at the center of the droplet) in both devices shows a very low C-C
mode intensity due to the very low concentration of TIPS-pentacene molecules in the centre of both
devices. The mean molecular orientation from the measured regions in both devices ranges from
60–110°, i.e. predominantly perpendicular to the gold contacts. Again, the addition of polystyrene
to the ink results in a more homogeneous film thickness for the 5 µm (as in the 40 µm) channel
length devices. However, in the 5 µm channel length devices blending does not significantly alter the
variation in pentacene backbone orientation between grains, since even in the TIPS-pentacene-only
device the orientation across the device is relatively uniform.
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Figure 4.10: Polarised Raman plots for the C-C (short axis) mode are taken
at 7 points (indicated in the optical image) along the channel-length direction
from (above) TIPS-pentacene and (below) TIPS-pentacene:PS devices with 5 µm
channel length. For this shorter channel length configuration, the TIPS-pentacene
domains showed a larger variation in intensity than in the TIPS-pentacene:PS
device, although both showed similar molecular orientation distributions
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4.6 Morphology vs. OFET performance
To compare the effect of blending TIPS-pentacene with a polystyrene binder on device performance,
charge transport properties from a large set of inkjet-printed OFETs have been analyzed, as described
elsewhere [39], using 63 pure TIPS-pentacene and 73 TIPS-pentacene:PS (2:1 by weight) transistors.
The average saturation mobility determined from the pure TIPS-pentacene transistor dataset is
0.22 ± 0.05 cm2/V s, which is comparable to earlier reported values [36, 39, 40]. After blending,
the average saturation mobility increases to 0.72 ± 0.17 cm2/V s.
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Figure 4.11: Transfer characteristics for (a) TIPS-pentacene and (b) TIPS-
pentacene:PS devices with 5 µm (black) and 40 µm (red) channel lengths. Blend-
ing TIPS-pentacene with polystyrene lowers the threshold voltage and increases
the sub-threshold slope of the devices
In addition to the increase in mobility, the presence of polystyrene strongly influences the threshold
voltage (Figure 4.11), which decreases towards 0 V . In contrast, the pure TIPS-pentacene transistors
have higher threshold voltages (∼2–7 V ). This change in threshold voltage suggests an improvement
in the semiconductor-dielectric interface, which is further supported by the smoother, more evenly
distributed semiconductor films in the blend devices as observed from the AFM / Raman analysis.
Finally, the sub-threshold slope is significantly steeper for the blend transistors (as steep as 67mV/dec)
than for the pure TIPS-pentacene transistors. These characteristics again indicate that the interface
between the semiconductor and dielectric is of excellent quality [41, 42]. This is reflected in the
Raman analysis which shows that the blend transistors have larger grains, with reduced variation in
pentacene backbone orientation along both the channel-width and channel-length directions than the
pure TIPS-pentacene devices (Figures 4.8 & 4.9). These observations (improved uniformity of the
crystal orientation and higher quality semiconductor-dielectric interface) demonstrate the beneficial
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effect of the insulating polystyrene binder on the TIPS-pentacene film, and hence OFET performance.
4.7 Conclusions
In this chapter, angle-dependent polarised Raman spectroscopy was demonstrated as a non-invasive,
non-destructive technique to determine the local degree of molecular order and orientation of the
conjugated cores in organic small-molecule thin films. The novelty of this technique lies in its ability
to characterise the lateral morphology at a high spatial resolution (∼1 µm) as well as in completed
device structures (e.g. OFETs). This technique was used to investigate the effect of polymer blending
and surface treatments on the morphology of inkjet-printed TIPS-pentacene thin films. Interestingly,
the addition of an insulating polymer does not disrupt the pi − pi stacking of the TIPS-pentacene
molecules; instead blending improves the TIPS-pentacene morphology in terms of more uniform
coverage across the device and less variation in pentacene backbone in-plane orientation. This is
reflected in the OFET performance as an improvement in saturation mobility (from 0.22 cm2/V s
in pristine devices to 0.73 cm2/V s in blend devices) and a lower threshold voltage (∼0 V ) and
steeper sub-threshold slope (67 mV/dec) which both indicate an improved interface between the
TIPS-pentacene and channel dielectric. In blend devices, the PFBT-treated gold contacts act as
nucleating sites for the microcrystalline domains of TIPS-pentacene that extend across the active
channel region. The TIPS-pentacene-only devices show highly-ordered microcrystalline domains;
however there is evidence of larger domain-to-domain variation within the active channel of the
device. For shorter channel lengths, the pentacene backbone orientations were similar for both
TIPS-pentacene and blend inks; however, as with longer channel lengths, blending stabilized the
film thickness across the device. These results provide useful insights into the direct effects of ink
composition and surface treatments on organic small-molecule morphology, and its relation to device
performance and can be readily applied to look at local changes in morphology in active devices or
for mapping the molecular order and orientation at different regions of a device.
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Chapter 5
Developing a Method to Control
Molecular Order and Orientation
This chapter first describes the development and use of zone casting to systematically control the
morphology and alignment of TIPS-pentacene thin films. Parameters including solution temperature,
substrate temperature, solvent and casting speed are explored. Using these controlled morphologies,
the relationship between structure and charge transport properties in TIPS-pentacene OFETs are
evaluated and compared with TES-pentacene. Specifically, the effect of casting speed, grain ori-
entation and grain boundaries on transfer characteristics and mobilities are investigated. Finally
a combination of electrical characterisation and in-situ Raman spectroscopy are used to compare
the bias stress behaviour of TIPS-pentacene transistors with grain boundaries oriented parallel and
perpendicular to the charge transport direction.
These experiments were performed in collaboration with Jessica Wade and Tomos Thomas at The
Blackett Laboratory, Imperial College London who assisted with the zone-casting parameter op-
timsation, optical microscopy, OFET fabrication and characterisation. The zone-casting apparatus
was developed in collaboration with Pawel Miskiewicz (design help) & Rafal M. Gisko (electronics),
Technical University of Lodz, Poland and Dave Bowler & Steve Cussell (hardware) in the Mechanical
Instrumentation Workshop, The Blackett Laboratory, Imperial College London.
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5.1 Introduction
In the previous chapter, angle-dependent polarised Raman spectroscopy was used to explore the
morphology of inkjet-printed TIPS-pentacene. Previous studies have further explained the origin of
TIPS-pentacene crystallites within the dried droplet in terms of nucleation and growth from a pinned
contact line [1–3]. From the circular nucleation axis, crystal growth continues radially inwards as
the solvent evaporates. To further investigate the relationship between morphology and charge
transport it is desirable to more systematically control the morphology of the active layer through
control of the contact line. The control of lateral morphology is important for OFETs since charges
move along the semiconductor-dielectric interface. Other groups have exploited the contact-line
dynamics to influence film morphology and alignment of organic small molecules using techniques
such as dip coating [4], tilt coating [5], bar coating [6], solution shearing [7] and zone casting [8]. In
these methods, the speed of the meniscus (and contact line) moving across the substrate is precisely
controlled and has resulted in structures leading to field-effect mobilities as high as 4.6 cm2V −1s−1 for
TIPS-pentacene [9]. Zone casting in particular has been shown to be a versatile technique in preparing
aligned films using conjugated polymers [10, 11], liquid crystals [8, 12] and small molecules [13, 14].
Duffy performed extensive studies on zone-cast pentacene and demonstrated the applicability of the
technique to TIPS-pentacene [15]. For this work, a zone-casting apparatus has been developed to
control the morphology and alignment of TIPS-pentacene and therefore systematically explore the
structure-property relationships of the material in OFET architectures.
5.2 Zone-Casting Technique
Zone casting is well-suited to organic semiconductor film deposition, where control of film morphology
and alignment is important. The main idea behind the technique is to control the contact line formed
on the substrate, at the edge of the solution meniscus. This is the boundary between the solution-
state and solid-state and is the point where crystal growth occurs after nucleation. In drop casting
or inkjet printing, the contact line moves spontaneously across the substrate as solvent evaporation
reduces the volume of the solution. As discussed, the speed of the contact line has a large effect
on the resulting thin-film morphology: a slow speed results in the deposition of large quantities of
solute, leading to the characteristic coffee-stain effect sometimes observed in inkjet printing; a fast
speed leads to the formation of aligned films of crystalline material. Zone casting allows for the
precise control of the speed and direction of the contact line moving over the substrate. A schematic
of the film formation process in zone casting is shown in Figure 5.1.
During zone casting, solution is injected out of the stationary slit nozzle while the sample stage
is translated underneath. Relative to the substrate, the contact line moves along the zone-casting
direction (indicated in the figure) to form the film. Independent control of solution and substrate
temperatures allow for the fine-tuning of the crystallisation process through the modification of
solvent evaporation rate and solvent/solute kinetic energy. Both the solution injection rate and
substrate casting speed can be accurately controlled (specifications listed in Table 5.1). As the solvent
evaporates, a concentration gradient is established within the meniscus. At the contact line between
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Casting Direction 
Figure 5.1: Schematic diagram of the zone-casting technique. Heated solution
is injected from the slit nozzle while a heated substrate moves underneath. A
contact line is established next to the evaporation zone which is effectively swept
across the substrate along the casting direction to form the aligned film
the meniscus and the substrate the film crystallises, forming aligned, continuous crystals along the
zone-casting direction as long as the solution supply (and the substrate supply) is maintained. The
film formation procedure can be described as a 3-stage process:
Stage 1: Initial contact is established between the solution and the substrate, forming a
meniscus and a contact line. At the contact edge, random nucleation of crystals
begins, but is impeded by an air barrier on one side, and a solvent-rich solution
on the other
Stage 2: The substrate begins to move and the contact line is swept across the substrate
surface, while solution supply through the nozzle maintains a steady meniscus
volume. The individual crystals that have a fast growth direction aligned with
the zone-casting direction are selectively allowed to grow further, while the crys-
tals oriented in all other directions are effectively ‘frozen out’ due to the lack
of solution (and molecule) supply from all other directions. This leads to the
directed self-assembly of the crystals aligned along the zone-casting direction.
With accurate control of the meniscus volume and substrate translation speed,
a steady-state is set up within the crystallization zone and the aligned film con-
tinues to form
Stage 3: The solution injection and substrate translation is halted, and the remaining
solution is allowed to dry, thus terminating the crystal growth
In this way, aligned films may be deposited from a variety of ordered materials. It is important that
the material is ordered enough to self-assemble into regular crystalline or semi-crystalline structures.
This can be evaluated by first examining the morphology of films deposited using drop casting.
If crystalline or semi-crystalline morphologies are observed, then the material is suitable for zone
casting. For this reason, small molecules are well-suited for zone casting due to their tendency to
form crystalline structures; however successful alignment of conjugated polymers has been observed
and continues to be the subject of investigation [10, 11].
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Parameter Min. Max. Step
Solution Temp. (°C) RT 200.0 0.1
Substrate Temp. (°C) RT 200.0 0.1
Solution Flow. (µLs−1) 0 440 0.2
Substrate Shift (µms−1) 0 4000 1.5
Table 5.1: Specifications for the zone-casting apparatus used in this work
The zone-casting apparatus developed for this work is shown in Figure 5.2. Solution and substrate
temperatures are independently controlled using two proportional-integral-derivative (PID) tempera-
ture controllers. Solution injection rates and substrate shift speeds are controlled using translational
stages operated from a PC control unit. A custom LabVIEW program was built to allow automatic
control of moving parts at the specified speeds. Heater power supplies were designed and built by
Rafal M. Gisko, Technical University of Lodz, Poland and the hardware components were designed
and built by Dave Bowler and Steve Cussell from the Mechanical Instrumentation Workshop, The
Blackett Laboratory, Imperial College London, UK.
Nozzle Design 
Figure 5.2: Image of the zone-casting setup developed for this work. The me-
chanical components are housed in a fume cupboard. The temperature control
unit and zone-casting control program are located next to the unit. A profile of
the nozzle is shown inset
5.2.1 Zone-Casting Parameters
The eventual structure and morphology of organic semiconductor thin films depend on a number
of factors. As well as molecular structure and solution composition, processing conditions play
a vital role in determining the film morphology. A strong advantage of zone casting over other
solution-deposition methods is the systematic and independent control of a large number of processing
parameters (Figure 5.3).
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Figure 5.3: Processing parameters that may be controlled using the zone-casting
technique. The solution meniscus may be observed between the nozzle and sub-
strate surface
5.3 TIPS-Pentacene
To evaluate the effectiveness of zone casting on the control of charge transport properties (via
morphology control) it was decided to use the well-studied and high-performance 6,13-bis(triisopropyl-
silylethynyl) pentacene (TIPS-pentacene) material. Since being initially synthesised and characterised
by Anthony et al. in 2001 [16], TIPS-pentacene has been the subject of numerous studies due to
its excellent charge transport properties [4, 6, 9, 17–27], attributed to its robust 2-dimensional
packing structure (Figure 5.4). This makes TIPS-pentacene an ideal candidate for the investigation
of structure-property relationships using zone casting.
b c 
a a 
Figure 5.4: Molecular and crystal structure of TIPS-pentacene. Crystal structures
were generated using unit cell parameters from Reference [16]. The substrate is
parallel to the a− b plane
Another advantage of using TIPS-pentacene is that the orientation of the pentacene backbones may
be readily inferred by inspection of the grain boundaries (Figure 5.5), which was correlated using
a combination of XRD studies and thermal/mechanical cracking [28]. This is possible because the
long axis of the pentacene cores are oriented parallel and edge-on relative to the substrate plane
in TIPS-pentacene films (as opposed to the near-vertical orientation in un-substituted pentacene
films [29]). Three types of grain boundaries are of particular interest in TIPS-pentacene films:
inter-grain (“collision”) boundaries, twin boundaries and intra-grain cracking boundaries. Inter-grain
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boundaries are formed when two grains meet as they try to occupy the same area. Twin boundaries
along (12¯0) are formed between two symmetrically-oriented grains with the boundary acting as the
symmetry axis [30, 31]. Finally, intra-grain cracking may occur along (120) due to mechanical or
thermal stress in the crystal structure and are oriented parallel to the pentacene long axis [28].
_ 
(120) 
twin boundary 
Figure 5.5: Polarised optical image of TIPS-pentacene film demonstrating twin
boundary and cracking orientations. The crystal structure orientation is symmetric
about the twin boundary and is reflected by the symmetric cracking orientations.
Cracks are themselves oriented parallel to the pentacene long axis
5.4 Systematic Control of Thin-Film Properties
Before evaluating the charge transport properties of devices made using zone casting, the effect of
processing parameters on film morphology is systematically studied using a fixed solution concentra-
tion. First, the effect of solution and substrate temperature on morphology is investigated. Second,
the effect of casting speed is explored. Third, the importance of solvent on zone-cast film formation
is addressed, before initial characterisation of charge transport properties is undertaken.
5.4.1 Experimental Method
To clearly identify the effect of a single parameter on film morphology it is essential to control
and standardise as many other parameters as possible. Unless otherwise stated, solutions of TIPS-
pentacene (purchased from High Force Research) were prepared by dissolving in toluene at a con-
centration of 7 mg/ml. Films were deposited on borosilicate microscope substrates. Ultrasonication
of the substrates was found to have no significant impact on morphology, therefore for thin film
fabrication, substrates were used as supplied.
For the zone-casting procedure, independently-controlled solution and substrate temperatures were
allowed to stabilise for at least 30 minutes until a temperature fluctuation of < ±0.5 °C was achieved.
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Solutions were loaded into a glass syringe and flushed through the nozzle before film deposition. For
the initial thin-film morphology studies, zone-cast parameters indicated in Table 5.2 were used unless
otherwise stated, based on discussions with Pawel Miskiewicz. To maintain the solution volume
within the meniscus, the solution flow rate was optimised for each parameter combination. For
hotter conditions the increased evaporation rate necessitated a higher flow rate to compensate for
the loss of solution volume.
Parameter Value
Solution Temp. 60 °C
Substrate Temp. 70 °C
Substrate Speed 500 µms−1
Table 5.2: Initial parameters used for zone-cast TIPS-pentacene films
5.4.2 Effect of Solution Temperature
Organic thin-film deposition is often carried out using heated solutions for poorly-soluble materials
to promote film uniformity. Solution temperature is also important in zone casting and has been
shown to affect film morphology and alignment [15]. The effect of systematically-varying solution
temperature on thin-film morphology is explored for TIPS-pentacene. The optical images of zone-
cast TIPS-pentacene films, deposited using different solution temperatures, are shown in Figure 5.6.
The zone-casting direction is horizontal.
10μm 
50X 35°C 48°C 55°C 63°C 
72°C 81°C 90°C 97°C 
Figure 5.6: Optical images of TIPS-pentacene films deposited at a range of so-
lution temperatures. Low temperatures lead to de-wetting and high temperatures
lead to large crystals and thermal cracking. Twin boundaries are aligned close
to the (horizontal) zone-casting direction, while symmetric thermal cracks can be
seen crossing the grains diagonally
At 35 °C no continuous film is formed. Instead, the result is a random distribution of dried TIPS-
pentacene droplets which suggests a high degree of de-wetting in the film. The de-wetting is likely
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aided by the slow evaporation rate as the solution is heated by the substrate (maintained at 70 °C).
Since the solution takes longer to crystallise, control of the contact line is not maintained.
From 48 °C, however, a continuous film is observed. The higher solution temperature allows for
the controlled crystallisation within a well-defined evaporation zone and contact line, leading to
‘ribbon’-like morphology of crystalline TIPS-pentacene. Crucially, the ribbons are oriented towards
the zone-casting direction. As the temperature increases the stability and orientation of the ribbon
domains improve, representing a good control of the contact line.
As the temperature increases further the grains become wider and more connected as the increased
evaporation of the solvent (and solution flow rate) results in a higher concentration of TIPS-pentacene
molecules crystallising to form the film. However, unfortunately this is accompanied by the presence
of thermal cracking along the pentacene long-axis orientation, crossing the grains diagonally, in a
similar behaviour to post-deposition annealing [28]. Cracks are undesirable for OFETs as they behave
as a potential barrier to charge transport [6, 23]. Higher temperatures result in larger crystal sizes
but bigger thermal cracks.
5.4.3 Effect of Substrate Temperature
Next a series of films were deposited by varying the substrate temperature and maintaining the
solution temperature at 60 °C (Figure 5.7).
10μm 
50X 50°C 57°C 67°C 77°C 
87°C 97°C 107°C 116°C 
Figure 5.7: Optical images of TIPS-pentacene films deposited at a range of
substrate temperatures. Increasing the substrate temperature appears to improve
the film coverage but introduces a higher concentration of thermal cracks
At temperatures below 60 °C the higher temperature from the solution provides enough thermal
energy to evaporate the solvent in a controlled manner and form aligned crystalline ribbons of TIPS-
pentacene. Heating the substrate to 67 °C, slightly higher than the solution temperature, improves
the alignment of the grains while introducing few cracks.
At a temperature of 77 °C the crystal orientation becomes less stable. For higher temperatures still,
the extra thermal energy leads to an improved film coverage but is also accompanied by an ever
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increasing density of thermally-induced cracks.
For optimum film formation and alignment a compromise must be achieved between improved crys-
tallite size & alignment and reduced thermal cracking. The hot solution maintained at 60 °C with a
slightly higher substrate temperature of 70 °C seem to provide a good compromise using this stepwise
optimisation.
5.4.4 Effect of Casting Speed
Using the above optimised temperatures, the effect of casting speed on film morphology and align-
ment is now investigated. Films are cast at systematically-increasing speeds of: 20, 30, 50, 100,
500 and 1000 µms−1. The films are imaged using cross-polarised microscopy and are rotated by 40°
from the horizontal to improve the contrast between neighbouring birefringent crystals (Figure 5.8).
50X 
20μm 
1000 μm/s 500 μm/s 100 μm/s 50 μm/s 30 μm/s 20 μm/s 
Figure 5.8: Cross-polarised optical images of TIPS-pentacene films zone cast
at a range of substrate shift speeds. At low speeds, large crystal platelets are
formed. As the speed increases, the alignment of grains improves towards the
casting direction. Higher speeds result in highly-aligned, long crystal ribbons
From 20–100 µms−1, large crystalline platelets of TIPS-pentacene are formed. The slow casting
speeds allow the TIPS-pentacene molecules to adopt highly-ordered, energetically stable structures.
The large crystal grains resemble the morphology formed from drop-cast films [19]. Twin boundaries
can be observed in these films, with fractures oriented symmetrically at either side. Interestingly, the
twin boundaries are aligned along the zone-casting direction. For speeds of 500 µms−1 or more, the
morphology changes to highly-elongated and aligned crystalline ribbons. The two symmetric crystal
orientations are revealed by the birefringence of the crystals, with the observed brightness depending
on the relative orientation between the light polarisation and crystal optical axis.
A closer look at the difference in film topography is obtained by performing tapping-mode AFM
scans from a 20×20 µm section of film (Figure 5.9).
From the AFM scans, smooth crystal surfaces are observed. At 20 µms−1 it can be seen from
the cross-sections (Figure 5.9 (Bottom)) that the crystals are large and jagged, extending at least
200 nm from the substrate. Since the substrate is completely covered with crystalline material, the
total film thickness is likely to be significantly more than the observed height difference. Similar
features are observed in the 30 µms−1 sample, but the crystals are generally more planar. A crack
extending down at least 70 nm is evident from the cross-section but similarly the film is likely to be
thicker than this indicates.
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Figure 5.9: (Top) AFM tapping-mode topography scans of zone-cast TIPS-
pentacene films. Cracks and twin boundaries are used to determine pentacene axis
orientations (indicated in red). Higher casting speeds result in crystalline ribbons
of TIPS-pentacene, aligned along the zone-casting direction (indicated); (Bottom)
Topography cross-sections extracted from the AFM scans reveal a reduction in film
thickness with increasing casting speed
For the 500 µms−1 sample, the substrate surface is observable; therefore the aligned crystals may be
determined to be ∼100 nm-thick from the AFM cross-section. As well as the inter-grain boundary or
void, smaller intra-grain cracks are visible and indicate the local orientation of pentacene backbones
(indicated in red on the figure). It is unclear whether these small cracks are merely superficial, or
whether they extend to the substrate and are too thin to be probed by the AFM tip.
Doubling the speed to 1000 µms−1 reduces the film thickness by half to ∼50 nm. The grain
boundaries have become wider relative to the ribbon grains, but closer inspection of the cross section
suggests that the inter-grain space is not devoid of material. Instead, a ∼20 nm-thick layer of
material is observed, which may be un-aggregated TIPS-pentacene that was unable to pack with the
larger ribbons due to the fast casting speed.
To contrast with the high-resolution morphologies obtained using AFM, the film morphology of the
entire 25×75 mm substrate is now evaluated. Using a plane-polarised white-light source (standard
LCD monitor) as a back-light and a standard camera, macroscopic polarised optical images are taken
of the films and shown in Figure 5.10. The polarisation is rotated 45° relative to the zone-casting
orientation.
At low speeds, the film is covered by a patchwork of large birefringent crystalline platelets, with
a low degree of alignment. As the casting speed increases, the grains become increasingly aligned
and elongated. In addition, increasing the casting speed reduces the film thickness which can be
observed by the increased transmission of light. The combination of AFM topography and macroscale
optical images effectively demonstrates the range of control achievable using zone casting in terms
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Figure 5.10: Macroscopic polarised optical images of the zone-cast films back-lit
by a polarised white-light source (from a standard liquid crystal display)
of crystal morphology and grain alignment. Further investigation of the anisotropic optical and
structural properties of these films using polarised UV-visible absorption and Raman spectroscopy is
undertaken in Chapter 6.
5.4.5 Effect of Solvent
As with other solution-processing techniques, the choice of solvent is a crucial factor in determin-
ing the resulting film morphology. In the case of spin-coated TIPS-pentacene, 1,2,3,4-tetrahydro-
naphthalene (tetralin) solvent has been shown to produce favourable film morphologies that lead to
devices with improved mobilities compared to toluene [32–34]. This is attributed mainly to the higher
boiling point of tetralin (206 °C) compared to toluene (111 °C) which allows the TIPS-pentacene
molecules to adopt a more ordered crystalline structure before all of the solvent has evaporated away,
promoting stronger pi − pi interactions. To evaluate the effect of higher boiling-point solvent on
zone-cast film morphology, solutions of TIPS-pentacene in tetralin were prepared at a concentration
of 20 mg/ml and used to cast films at different substrate shift speeds. A solution and substrate
temperature of 70 °C and 100 °C, respectively, was used. Optical microscope images of the resulting
films are shown in Figure 5.11.
50X 
10μm 
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Figure 5.11: Optical images of zone-cast films using TIPS-pentacene solutions
in tetralin. Different casting speeds change the morphology, but alignment is poor
due to the slow evaporation rate of the solvent
Tetralin results in significantly different morphologies to toluene. At high casting speeds the sub-
strate is populated by a random distribution of isolated TIPS-pentacene crystallites (verified using
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Raman spectroscopy). As the casting speed decreases, the crystals appear to grow from the random
nucleation sites, however the growth orientation appears isotropic. This suggests that the evapora-
tion zone and contact line are poorly defined, which matches with the higher boiling point of the
solvent. As the meniscus sweeps over the substrate, instead of a narrow contact line where the
solution crystallises to form aligned grains, instead it appears that a thin layer of solution is formed
on the substrate, from which random nucleation and growth occurs.
As the speed decreases below 100 µms−1, it appears that control of crystal alignment is obtained
as observed from the elongated TIPS-pentacene dendritic structures. A slower speed would allow
more time for the tetralin solvent to evaporate and film formation to occur near the meniscus (and
the direction of TIPS-pentacene molecule supply). For casting speeds as slow as 5 µms−1, the
grains appear to be relatively well-aligned; however the TIPS-pentacene does not form a continuous
film across the substrate. It appears that the TIPS-pentacene molecules preferentially form thick,
isolated crystals rather than flat ribbons or platelets. This can be explained by the slower evaporation
allowing the TIPS-pentacene molecules to pack in a lower-energy configuration (smaller surface area
to volume ratio). In contrast to zone casting, spin coating using tetralin results in better film coverage
because the TIPS-pentacene molecules are confined to a thin layer on the substrate due to the inertial
forces during spinning. In zone casting, however, the high meniscus and slow evaporation time may
allow the molecules to pack vertically. In an attempt to increase the evaporation rate, the casting
temperatures were increased beyond 100 °C but this resulted in degradation of the TIPS-pentacene
molecules, leading to a green discolouration (not shown) and a high density of thermal cracks.
From these results it is clear that the evaporation zone (and contact line) needs to be accurately
controlled and well-defined using a solvent with an appropriate boiling point to form the desired
continuous and aligned films using zone casting. For this reason, toluene appears to be the better
solvent, with its lower boiling point relative to tetralin, and is now applied to OFET device structures
to investigate the effect of morphology on charge transport properties.
5.4.6 Effect on Charge Transport Properties
So far in this section, it has been shown how manipulation of processing conditions can be used
to systematically vary the morphology of zone-cast TIPS-pentacene films; however to gain a better
understanding of the role of morphology on device performance, an investigation of charge transport
properties is performed. The effect of crystal morphology and grain orientation on charge transport
properties is explored by fabricating top-gate bottom-contact OFETs, using zone casting to deposit
the active layer (Figure 5.12). TIPS-pentacene solution in toluene was prepared at the same concen-
tration of 7 mg/ml and filtered using a 0.45 µm pore size before thin film deposition. Full device
fabrication details are included in Section 3.1.5.
To compare the difference between platelet and ribbon morphologies, both high (1000 µms−1) and
low (30 µms−1) casting speeds are used to deposit the films. In addition, to examine the role of
orientation, films are cast both parallel and perpendicular to the charge transport (channel-length)
direction. The resulting film morphologies and transfer characteristics are shown in Figure 5.13.
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Evaporated Aluminium gate 
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charge injection (PFBT) and 
reduce trapping (TCPS) 
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Figure 5.12: Top-gate bottom-contact device structure used to initially evaluate
the effect of film morphology on charge transport properties
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Figure 5.13: (Left) Cross-polarised optical images and (Right) transfer character-
istics of top-gate OFETs fabricated using slow (30 µms−1) and fast (1000 µms−1)
casting speeds. To examine anisotropic charge transport properties, films are cast
both parallel (black) and perpendicular (red) to the channel-length direction
From the extracted device parameters (summarised in Table 5.3), the ribbon morphology results
in the highest mobility device (1.18 cm2V −1s−1 compared to 0.21 cm2V −1s−1 for the platelet
morphology) in the parallel orientation. Crucially, however, the highly-aligned ribbons result in
a high mobility anisotropy (36), with the grains oriented perpendicular to the charge transport
direction leading to a reduction in mobility to 0.03 cm2V −1s−1. This is in contrast to the unaligned,
platelet morphology, where the mobility of the perpendicular device actually increases by ∼50%.
The increased perpendicular mobility is consistently observed from the platelet morphology but is
not currently understood. The high mobility anisotropy associated with the ribbon morphology may
be explained by the increase in grain boundary density. When the ribbons are oriented along the
charge transport direction, very few grain boundaries are encountered as the charges move between
the source and drain contacts. On the other hand, with the grain boundaries oriented perpendicular
to the charge transport direction, the charges encounter multiple inter-crystal grain boundaries that
79
Casting Speed Parallel Mobility Perpendicular Mobility Anisotropy
(µms−1) (cm2V −1s−1) (cm2V −1s−1)
30 0.14 0.21 ∼0.67
1000 1.18 0.03 ∼36
Table 5.3: Summary of saturation mobilities extracted from top-gate OFETs
fabricated using zone casting. Mobility anisotropy is quantified by taking the ratio
of parallel and perpendicular mobilities at each casting speed
could significantly hinder charge transport, thus lowering the perpendicular mobility and increasing
the overall mobility anisotropy.
Furthermore, from the transfer characteristics the films cast at high speed show relatively little
hysteresis, compared to the large hysteresis observed in the platelet morphology. This suggests that
other factors may additionally influence charge transport in these devices. For example, the film
cast at slow speeds is much thicker (>100 nm) compared to the fast speed (∼50 nm) which could
hinder the injection of charges from the (bottom) contacts to the (top) gate through the thicker
semiconductor layer, or lead to the increased incorporation of atmospheric imputities (charge traps)
along the semiconductor-dielectric interface.
These devices are a simple demonstration of the important role that both crystalline morphology
and grain orientation play on charge transport properties in OFETs. In particular, they demonstrate
the crucial role that grain boundaries can potentially play in limiting charge transport within the
active channel. Further work into charge transport properties of zone-cast films is now carried out by
carefully and systematically studying the relationship between film morphology and device properties.
5.5 Systematic Control of Charge Transport Properties
Inspired by the initial structure-property relationships deduced from zone-cast TIPS-pentacene OFETs,
a systematic study on charge transport properties of controlled zone-cast structures is performed. In
particular, three parameters are investigated: (1) casting speed, (2) casting orientation and (3) chan-
nel length.
The casting speed and orientation are controlled to examine the effect of morphology and grain orien-
tation. The addition of channel-length dependence is chosen to study the effect of grain boundaries.
By changing the channel length, the number of grain boundaries in the active layer can be indirectly
controlled and related to the charge transport properties of the device.
Finally, in an effort to distinguish between intra-grain and inter -grain transport anisotropy, the TIPS-
pentacene films are compared with 6,13-bis(triethylsilylethynyl) pentacene (TES-pentacene). TES-
pentacene is chosen because while it has a similar molecular structure to TIPS-pentacene, it forms
a different packing structure in the solid state [35, 36]. While the packing of TIPS-pentacene
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is described as a 2-dimensional ‘brick-wall’ arrangement, allowing good charge transport in both
orientations, TES-pentacene packing is characterised as a 1-dimensional ‘slipped-stack’ arrangement,
with transport more limited to a single orientation (along the stacking axis). A comparison between
both molecular and packing structures is shown in Figure 5.14.
b 
a 
b 
a 
(a) 
(b) 
“brick-wall” 
“slipped-stack” 
Figure 5.14: Comparison of (Top) TIPS-pentacene and (Bottom) TES-pentacene
molecular and packing structures. TIPS-pentacene is characterised as a 2-
dimensional ‘brick-wall’ arrangement (pi−pi stacking along both the a- and b-axis),
while TES-pentacene packing is characterised as a 1-dimensional ‘slipped-stack’
arrangement (a-axis)
5.5.1 Experimental Method
Solutions of TIPS-pentacene and TES-pentacene were prepared in toluene solvent at a concentration
of 7 mg/ml. Solutions were filtered using a pore size of 0.45 µm immediately before zone casting.
To minimise unintended variation between OFET structures, it was decided to simplify the fabrication
process by using commercially-available pre-patterned bottom-gate bottom-contact substrates from
IPMS Fraunhofer. Standardised substrate cleaning and preparation protocols were developed (includ-
ing SAM treatments to passivate the dielectric interface and enhance injection from the contacts),
with the final fabrication process being the zone casting step. Full bottom-gate OFET fabrication
details are included in Section 3.1.6. The device structure is shown in Figure 5.15.
Figure 5.15: Bottom-gate bottom-contact device architecture used to explore
systematic charge transport properties
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5.5.2 Spin Coating vs. Zone Casting
First, to compare the difference in charge transport properties between TIPS- and TES-pentacene
without alignment, devices are fabricated using spin-coating, following the same solution and sub-
strate preparation protocols used for zone casting. Films are coated on the prepared BG/BC sub-
strates using a spin speed of 1000 rpm for 60 s and are shown in Figure 5.16. For comparison,
devices fabricated using zone casting at 500 µms−1 are also included.
Spin-Coated Zone-Cast 
TIPS 
TES 
500μm 
(a) (b) 
(c) (d) 
Figure 5.16: Cross-polarised optical images of (a,c) spin-coated and (b,d) zone-
cast OFETs fabricated from (a,b) TIPS-pentacene and (c,d) TES-pentacene so-
lutions
In general the TIPS-pentacene and TES-pentacene spin-coated samples look comparable. Nucleation
is observed near the gold contacts in both devices, which is aided by the PFBT SAM treatment [37].
Broad similarities between the two materials are also observed in the zone-cast devices. The crystal
nucleation at the contacts is, however, not observed. This is because the nucleation and growth
of zone-cast films is controlled by the contact line that is swept across the device. The transfer
characteristics measured from these devices are shown in Figure 5.17.
In both spin-coated and zone-cast samples, TIPS-pentacene outperforms TES-pentacene, with higher
on-currents, lower hysteresis and steeper I
1/2
DS gradients from their respective deposition methods.
Comparing these transfer characteristics to the top-gate structures, a higher hysteresis is found in
these bottom-gate devices which is likely due to the poorer quality of the semiconductor-dielectric
(SiO2) interface [15, 38]. A comparison between spin coating and zone casting reveals an improve-
ment in both TIPS- and TES-pentacene devices using the latter technique. Zone casting increases
the on-currents but interestingly does not significantly influence the hysteresis. This suggests that
charge trapping, dominated by the semiconductor-dielectric interface, is not significantly altered
between the two techniques under the present conditions; therefore the increase in currents could
be attributed to the improvement in crystal order or a reduction in grain boundaries from these
highly-oriented structures.
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Figure 5.17: Transfer characteristics taken in the linear (VD = −10V ) and
saturation (VD = −40V ) regimes from the devices shown in Figure 5.16. All
axes are fixed for direct comparison between devices. Square root of the source-
drain currents are also plotted, from which the saturation mobilities are calculated.
In general, TES-pentacene devices show lower on-currents and higher hysteresis,
while the zone-cast devices outperform their spin-coated equivalents
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5.5.3 Zone-Cast OFET Series
OFETs are cast using deposition speeds of 30, 50, 100 and 500 µms−1 for both TIPS- and TES-
pentacene films. Both parallel and perpendicular device orientations were pre-patterned on the
substrates, with channel lengths of 20, 10, 5 and 2.5 µm. Images of the resulting devices are taken
under crossed polarisers and shown in Figure 5.18.
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Figure 5.18: Series of zone-cast OFETs investigated in this section. Both (Left)
TIPS-pentacene and (Right) TES-pentacene devices are fabricated. Parallel (PLL)
and perpendicular (PRP) casting orientations (with respect to the charge transport
direction) are shown as indicated in the figure. Morphologies become more ‘ribbon-
like’ as the casting speed increases
In general, both TIPS-pentacene and TES-pentacene device morphologies look comparable, with
large 2-dimensional platelets formed at slow speeds changing to elongated, well-aligned ribbons at
higher casting speeds. The morphologies are similar to those obtained on borosilicate glass.
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5.5.4 Effect of Casting Speed
The effect of film morphology, induced by casting speed, on the charge transport properties of TIPS-
and TES-pentacene are now examined. Figure 5.19 shows the saturation transfer characteristics
of TIPS-pentacene (black) and TES-pentacene (red) devices, cast at speeds of 30, 50, 100 and
500 µms−1 in a direction parallel to charge transport. The TES-pentacene film cast at 30 µms−1
was too opaque and masked the contacts; therefore transfer characteristics were not measured.
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Figure 5.19: Transfer characteristics of TIPS-pentacene (black) and TES-
pentacene (red) devices cast at a range of speeds in the parallel orientation. All
measurements are performed in the saturation regime (VD = −40V ) and the same
axis limits are used throughout for ease of comparison
Higher on-currents are observed from TIPS-pentacene at all casting speeds, with a correspondingly
steeper I
1/2
DS than TES-pentacene indicating higher saturation mobilities. Hysteresis is present in all
devices, indicating charge trapping, but the effect seems more pronounced in TES-pentacene. The
extracted saturation mobilities for these devices are shown in Figure 5.20.
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Figure 5.20: Saturation mobilities and uncertainties for TIPS-pentacene (black
data) and TES-pentacene (red data) devices as a function of zone-casting speed.
Two devices are measured at each speed (both with parallel grain orientation)
Both TIPS-pentacene and TES-pentacene show similar casting-speed dependence on saturation mo-
bilities, which generally increases to a maximum value at 100 µms−1 before reducing again at
500 µms−1. TIPS-pentacene shows consistently higher mobilities, which in general are 5–10 times
higher than corresponding devices cast using TES-pentacene (for example an average mobility at
100 µms−1 of 0.3 cm2V −1s−1 for TIPS-pentacene and 0.06 cm2V −1s−1 for TES-pentacene).
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5.5.5 Effect of Casting Orientation
Next, to compare the anisotropic behaviour of TIPS- and TES-pentacene, both parallel and per-
pendicular casting orientations (with respect to charge transport direction) are examined. The
orientation-dependent transfer characteristics are shown in Figure 5.21, with the parallel (black)
and perpendicular (red) curves included on the same plot. Again, for consistency, the same axis
limits are used in all plots to facilitate comparison.
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Figure 5.21: Saturation transfer characteristics for (Top) TIPS-pentacene and
(Bottom) TES-pentacene for both parallel (black) and perpendicular (red) zone-
casting orientations
In general, for both TIPS- and TES-pentacene, the films oriented parallel to the charge transport di-
rection show higher on-currents, steeper sub-threshold slopes and steeper I
1/2
DS gradients. The notable
exception, however, is the TIPS-pentacene film cast at 30 µms−1, where the perpendicular orienta-
tion shows improved transfer characteristics relative to the parallel orientation. The slower casting
speed used would expect to reduce the grain boundary concentration, balancing the parallel and
perpendicular transfer characteristics, however the origin of the higher perpendicular on-current is is
unclear. The higher hysteresis in TES-pentacene devices compared to TIPS-pentacene is reproduced
in both orientations and may be due to higher structural disorder leading to a higher concentration
of charge traps in the TES-pentacene film.
Saturation mobilities are calculated from the transfer characteristics and averaged for both parallel
and perpendicular casting orientations (from the two devices at each orientation). The results are
shown in Figure 5.22. Mobility anisotropy values are calculated by taking the ratio between parallel
and perpendicular mobilities.
The casting-speed dependence of both parallel and perpendicular average mobilities show similar
general trends, i.e. increasing mobility with faster casting speeds towards 100 µms−1 followed by a
reduction in mobility at 500 µms−1. On the other hand, the mobility anisotropy shows a strikingly
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Figure 5.22: Average saturation mobilities and uncertainties of (a) TIPS-
pentacene and (b) TES-pentacene devices cast at different speeds along the par-
allel (PLL) and perpendicular (PRP) orientations (with respect to the charge-
transport direction). Mobility anisotropies (blue) are calculated by taking the
ratio of parallel and perpendicular mobilities
different behaviour, generally increasing with faster casting speeds. This matches well with the
observed morphologies from the cross-polarised images (Figure 5.18), with the increase in mobility
anisotropy corresponding to the narrowing of the crystal grains, increase in grain boundary density
and increase in alignment.
Comparing the TIPS- and TES-pentacene mobility anisotropies in more detail reveals that the abso-
lute values of mobility anisotropy are much higher in the latter (which ranges from 5→45) relative to
the former (ranging from 1→5). Indeed, even at slow speeds and platelet morphologies, the mobility
anisotropy of TES-pentacene is still much greater (5–15) compared to TIPS-pentacene (1.8–2.2).
These results are consistent with mobility anisotropies of TIPS- and TES-pentacene determined
from non-contact transient photoconductivity measurements [36]. The higher mobility anisotropy
of TES-pentacene is attributed to the 1-dimensional slipped-stack structure that results in strong
pi−pi interactions along the a-axis, but much weaker interactions in the b-axis. This is in contrast to
TIPS-pentacene that has been shown to exhibit strong pi − pi overlap in both orientations [35, 39].
Mobility calculations using hopping transition rates determined using Marcus theory (in collaboration
with Florian Steiner, The Blackett Laboratory, Imperial College London) also support these findings,
with calculated mobility anisotropy values of ∼4.5 for TIPS-pentacene and ∼30 for TES-pentacene.
In these devices, mobility anisotropy can be a result of a combination of packing structure (and
pi − pi overlap) anisotropy and grain boundary orientation. To further decouple these two effects,
the mobility anisotropy as a function of the number of grain boundaries is examined by comparing
devices of different channel lengths.
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5.5.6 Effect of Grain Boundaries
Assuming an even distribution of grain boundary densities, as indicated by the cross-polarised optical
images, the average number of grain boundaries encountered by charges in the active layer may
be controlled by changing the channel length. The subsequent change in mobility anisotropy would
highlight the effect of grain boundaries on charge transport, since the crystal orientation and structure
are controlled by the zone-casting parameters (which are fixed for each transistor test-chip). The
difference in anisotropy between parallel (limited number of grain boundaries) and perpendicular
(increased number of grain boundaries) orientations is of particular interest. The channel-length
dependence on saturation mobility for TIPS- and TES-pentacene is shown in Figure 5.23.
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Figure 5.23: Channel-length dependence of saturation mobilities for (a,b) TIPS-
pentacene and (c,d) TES-pentacene with (a,c) parallel and (b,d) perpendicular
casting orientations
For TIPS-pentacene in the parallel configuration, the devices cast at 50–500 µms−1 show a similar
mobility dependence on channel length, slightly increasing as the channel length is reduced from
20→5 µm and then decreasing at L = 2.5 µm. For the parallel device cast at 30 µms−1, the
mobility decreases continually as the channel length is reduced. In the TIPS-pentacene perpendicular
configuration, the devices cast at 50–500 µms−1 again show largely similar trends, with mobility now
increasing with smaller channel lengths. For the 30 µms−1 device, the mobility decreases for smaller
channel lengths.
For TES-pentacene, on the other hand, the channel-length dependence on mobility is on the whole
flatter with a less clear trend. The mobility anisotropy, taken as the ratio of parallel and perpendicular
mobilities, is shown in Figure 5.24.
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Figure 5.24: Mobility anisotropies for (a) TIPS-pentacene and (b) TES-
pentacene as a function of channel length and casting speed
The channel-length anisotropies reveal different behaviours in TIPS- and TES-pentacene. For TIPS-
pentacene, there is a clear trend of a reduction in mobility anisotropy with decreasing channel length.
Since the reduced channel length corresponds to fewer grain boundaries crossing the charge transport
direction in the perpendicular configuration, this corresponds to a balancing of parallel/perpendicular
charge transport as the effect of grain boundaries is reduced. It is worth noting that for the low-
density grain boundaries in the 30 µms−1 platelet morphology (Figure 5.24 (a) (blue)), the mobility
anisotropy is relatively insensitive to channel length between L = 2.5→ 10µm and only increases at
L = 20 µm. This is in contrast to the higher grain-boundary density devices cast at 50–500 µms−1
which show a stronger dependence of channel length on the mobility anisotropy. This is indicative
of the significant effect of grain boundaries on charge transport in TIPS-pentacene.
Moving to TES-pentacene, the mobility anisotropies show a less-consistent dependence on channel
length, but in general remain above 1 even at the smallest channel length. This indicates that even
with a reduced number of grain boundaries crossing the charge transport direction in the perpendicular
orientation, the mobilities do not become more balanced. In addition, the mobility anisotropies are an
order of magnitude higher than TIPS-pentacene in most cases. These observations would suggest that
the intrinsic 1-dimensional pi−pi stacking of TES-pentacene plays a dominant role in charge transport
anisotropy leading to grain-orientation-limited transport, which contrasts with TIPS-pentacene which
shows a more grain-boundary-limited charge transport behaviour.
5.6 In-Situ Monitoring of Bias Stress using Raman Spec-
troscopy
In the previous section it was shown that grain boundaries can play a dominant role in limiting
device performance when using aligned morphologies. To further deepen the understanding of grain
boundaries on device limitations, their effect on the bias-stress behaviour of TIPS-pentacene is
investigated. Bias stress has been shown to degrade device performance and is usually manifested
as a reduction in current, decrease in mobility and increase in threshold voltage [40]. The precise
nature of this behaviour is the subject of ongoing research and has been attributed to the formation
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of trapping sites due to structural defects (such as lattice dislocations), oxygen or water impurities,
which can trap charges and impede charge carrier transport across the device [41–43]. In addition,
studies by Duffy [15] and Winfield [44] were able to show that bias-stress-induced (reversible) device
degradation is associated with microstructural changes in pentacene transistors. The changes in
microstructure were monitored using ex-situ Raman spectroscopy after prolonged bias stress. The
observed changes to the C-H and C-C vibrational modes were related to changes in packing. To
evaluate the effect of bias stress on the active layer microstructure of TIPS-pentacene OFETs during
device operation, in-situ measurements using Raman spectroscopy are performed.
5.6.1 Set-Up
For the in-situ Raman spectroscopy measurements of biased devices, the same bottom-gate bottom-
contact OFET substrates are used, so that the TIPS-pentacene film is exposed and can be eas-
ily accessed by the excitation laser. Devices with 20 µm channel length are connected to the
source/measure units and mounted beneath the Raman microscope, as shown in Figure 5.25. All
measurements were performed in air. A Raman excitation laser wavelength of 633 nm is used, with
a low laser power and long exposure time to minimise laser-induced sample degradation while still
obtaining a good signal-to-noise ratio. The Raman laser spot (∼1 µm) is focussed within a crys-
talline grain (width ∼5–10 µm) in the active channel. During electrical characterisation of the biased
devices, the applied voltages may accelerate de-trapping and alter or mask the electrical signatures
of biased devices [15]. To minimise perturbation to the stressed device, transfer characteristics are
taken using pulsed measurements, with a pulse width of 25 ms and a period of 50 ms, using a drain
voltage of -5 V .
Figure 5.25: Experimental set-up used to probe the microstructural changes in
TIPS-pentacene devices under bias stress, monitored in-situ using Raman spec-
troscopy
5.6.2 Bias Stress Voltage
To focus on the long-term bias stress instability during device operation, it is important to first
select an appropriate gate bias voltage such that short-term degradation effects are avoided [15].
This can be achieved by biasing the devices at a short duration but with increasingly higher gate
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voltages and monitoring the subsequent transfer characteristics. The perpendicular device is biased
for 300 s with gate voltage from -10→-60 V in -10 V steps with a constant drain voltage of -5 V .
Transfer characteristics, measured immediately after biasing, are compared to the device biased at
0 V (VG = VD = 0V ) and are shown in Figure 5.26.
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Figure 5.26: Transfer characteristics of TIPS-pentacene perpendicular device as
a function of increasing gate bias voltage. A degradation in the transfer behaviour
is observed for bias voltages larger than -40 V
A monotonic shift in the threshold voltage towards the direction of increased bias voltage is observed
in the transfer characteristics up to -40 V . Bias voltages above this value, however, cause a reduc-
tion in the sub-threshold slope and on-current indicating a degradation in mobility. To avoid this
degradation effect a gate bias of -40 V is used for subsequent bias stress measurements.
5.6.3 Bias Stress Duration
To study the effect of grain boundaries on bias stress behaviour, both parallel and perpendicular
orientations of TIPS-pentacene devices cast at 500 µms−1 are studied. Optical microscope images
and pristine transfer characteristics of the two devices examined are shown in Figure 5.27.
As expected from the results in the previous section, the parallel device shows a higher on-current and
saturation mobility (0.11 cm2V −1s−1) compared to the perpendicular device (0.003 cm2V −1s−1).
The parallel device shows non-ideal behaviour at low gate voltages that increases the hysteresis,
but does not otherwise significantly affect the device performance. The positive threshold voltage
indicates a possible doping effect.
To evaluate the time-dependence of bias stressing on charge transport properties, devices are sub-
jected to a gate voltage of -40 V with sequentially increasing duration. During gate biasing a drain
voltage of -5 V is applied. Pulsed transfer characteristics are taken immediately after biasing. After
prolonged bias stress, device recovery is monitored by taking transfer characteristics every 10 minutes
for 3 hours. The bias and recovery transfer characteristics for the parallel device are shown below in
Figure 5.28.
Under bias stress a reduction in on-current is observed. A threshold voltage shift to higher voltages
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Figure 5.27: Optical image (from the highlighted area) and transfer characteris-
tics of TIPS-pentacene devices cast at 500 µms−1 with grains and grain boundaries
oriented (a) parallel and (b) perpendicular to the charge transport direction. The
casting direction is indicated by white arrows in the figure
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Figure 5.28: Effect of (a) bias stress and (b) recovery on TIPS-pentacene OFET
with parallel grain orientation monitored by saturation transfer characteristics. A
reversible reduction in on-current is observed
is also visible. During recovery, the on-current gradually increases to near the pristine value but little
change is observed in the threshold voltage. A comparison with the perpendicular device is shown in
Figure 5.29.
A comparable reduction in on-current is observed with increasing bias stress duration, however in
general the threshold voltage shifts in the negative direction. With increasing recovery time, a sys-
tematic improvement in on-currents and threshold voltages (towards the pristine values) is observed
as with the parallel device. From these transfer curves, mobility values and threshold voltages are
extracted and displayed, as a function of bias/recovery time, in Figure 5.30.
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Figure 5.29: Effect of (a) bias stress and (b) recovery on TIPS-pentacene OFET
with perpendicular grain orientation monitored by saturation transfer characteris-
tics. A reversible reduction in on-current is observed
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Figure 5.30: Comparison of extracted (a) mobilities and (b) threshold voltages,
including uncertainties, as a function of bias/recovery time for TIPS-pentacene
devices with parallel (PLL) and perpendicular (PRP) grain orientations. Dotted
lines are added as a guide to the eye
As demonstrated in Figure 5.30 (a), bias stress leads to an exponential decay in mobility values for
both parallel (0.11→0.04 cm2V −1s−1) and perpendicular (0.003→0.001 cm2V −1s−1) grain orienta-
tions, followed by an increase to original values during recovery. Mobility recovery appears to occur
faster in the parallel device. The difference in mobility degradation and recovery is attributed to the
grain boundaries. In Figure 5.30 (b), bias-stressing induces a change in the threshold voltage to more
negative values in the perpendicular device, while the behaviour of the parallel device is less clear,
possibly due to a doping effect.
Studies by Salleo and Street [45, 46], amongst others, suggest that the reversible shifts in threshold
voltage may be attributed to charge trapping along the semiconductor-dielectric interface, or due
to structural defects in the semiconductor film itself. Since these bias measurements are performed
in air, it is plausible that atmospheric impurities such as oxygen or water may become incorporated
into the accumulation layer during biasing (impeding charge transport) and slowly released during
recovery. The apparent slower recovery of the mobility in the perpendicular device suggests that
grain boundaries impede detrapping and may prolong the bias-stress effect.
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5.6.4 Raman Mode Analysis
In addition to the incorporation of charge-trapping species induced during bias-stressing of devices,
microstructural changes in the semiconductor layer may also occur. Using pentacene OFETs, Win-
field and Duffy successfully employed Raman spectroscopy to monitor the vibrational signatures of
microstructural changes after prolonged bias stress [15, 44]. Reversible changes to the C-H and C-C
peak positions were observed, and attributed to a disruption in packing and pi-overlap. To evaluate
the applicability of this technique to detect microstructural changes in TIPS-pentacene, Raman peak
positions of the C-H (ends), C-C (short-axis) and C-C (long-axis) modes are compared in Figure 5.31
before bias, after bias and after recovery. Further details on the Raman spectrum of TIPS-pentacene
can be found in Appendix D.
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Figure 5.31: Comparison of normalised Raman peaks from C-H (ends), C-C
(short-axis) and C-C (long-axis) vibrational modes. No changes in peak positions
within the spectral resolution (∼1 cm−1) are observed for either the (a) parallel
or (b) perpendicular grain geometries
From the normalised peaks it is difficult to observe any significant changes in these devices. Any
small changes in peak widths and peak positions are within the spectral resolution of the detector (∼1
cm−1) and no systematic trends are observed. Given these small changes, statistical methods are
employed by taking multiple Raman spectra at each point, with any systematic trends in Raman peak
shifts carefully scrutinised. Thirteen Raman spectra are taken after each transfer curve is obtained.
Regression analysis is used to fit Lorentzian curves to the collected Raman peaks, from which the
peak positions are extracted (the goodness of the curve fits are tested by only considering curve fits
with R2 ≥ 0.97). The average peak position is then calculated for each bias or recovery point. Using
this process, the peak positions of both the C-H (ends) and C-C (long-axis) vibrational modes are
plotted, for both parallel and perpendicular configurations, in Figure 5.32.
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Figure 5.32: Average Raman peak position (from 13 spectra) as a function
of bias and recovery time for the (a,c) C-H (ends) and (b,d) C-C (long-axis)
stretch modes, along with standard errors. Both (a,b) parallel and (c,d) perpen-
dicular grain orientations are compared. The most significant change is observed
from the perpendicular device, with a reversible ∼0.2 cm−1 peak shift to higher
wavenumbers during biasing
In the parallel device, no changes in Raman peak positions are detected during bias or recovery. From
the perpendicular device, there appears to be a ∼0.2 cm−1 peak shift in the C-H (ends) Raman mode
to higher wavenumbers during biasing which returns to its original position after recovery. This can be
contrasted with the results by Winfield and Duffy on pentacene transistors [15, 44], where reversible
Raman peak shifts of ∼1 cm−1 after bias stress were observed, interpreted as a signature for the
disruption in molecular packing induced by prolonged bias stress. These present results suggest that
the TIPS-pentacene microstructure is a lot more robust than un-substituted pentacene under the
influence of bias stress. This may be attributed to the presence of the bulky side-groups which
hold the pentacene cores in place, affording greater structural stability and allowing for only a small
disruption in pi−pi interactions (observed in this case as a small peak shift in the C-H stretch mode in
the perpendicular orientation). This correlates well with the stability of the TIPS-pentacene structure
upon thermal annealing, which shows only marginal changes in pi − pi spacing up to 100 °C [30].
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5.7 Conclusions
This chapter described the application of zone casting to systematically control the morphology of
TIPS-pentacene thin films. The choice of solvent, solution temperature and substrate temperature
were shown to be crucial for the formation of continuous and aligned crystalline films; explained in
terms of the control of the evaporation zone and contact line during film formation. By varying
the casting speed a range of morphologies was obtained, from large, thick platelets at slow casting
speeds to thin, highly-aligned ribbon-like crystals at fast casting speeds.
Using the systematic control of grain size and alignment, the relationship between morphology and
charge transport properties of TIPS-pentacene and TES-pentacene was investigated using bottom-
gate bottom-contact OFET device structures with zone-cast active layers. TIPS-pentacene was
shown to exhibit saturation mobilities at least 5 times higher than TES-pentacene (e.g. 0.3 cm2V −1s−1
compared to 0.06 cm2V −1s−1, respectively, for devices cast at 100 µms−1). The effect of casting
speed and grain orientation was shown to affect saturation mobilities. Grains oriented parallel to
the charge transport direction were found to result in better-performing devices for both TIPS- and
TES-pentacene compared to perpendicularly-oriented grains. To decouple the effects of crystal orien-
tation and grain boundaries on charge transport anisotropy, the effect of reducing the channel length
on device performance was also evaluated. Smaller channel lengths (and therefore reduced number
of grain boundaries crossing the active channel) were shown to decrease the mobility anisotropy of
TIPS-pentacene (from ∼2–5 at L = 20 µm to ∼0.3–2 at L = 2.5 µm), but led to little changes
in TES-pentacene anisotropy (from ∼5–40 at L = 20 µm to ∼3–40 at L = 2.5 µm). This was
attributed to the 1-dimensional pi − pi stacking present in TES-pentacene which leads to an intrin-
sically higher charge transport anisotropy in TES-pentacene crystals. In contrast, the 2-dimensional
pi − pi stacking in TIPS-pentacene leads to lower charge transport anisotropy within grains and a
grain-boundary-limited charge transport anisotropy.
Finally, the effect of grain boundaries on the bias-stress behaviour of OFETs was investigated using
electrical characterisation and in-situ Raman spectroscopy to monitor microstructural changes. Bias
stressing resulted in the reversible degradation of saturation mobilities for both parallel and perpen-
dicular grain orientations. From the Raman peak positions, the microstructure of TIPS-pentacene
was shown to be robust under the effect of bias stress, with only a small (∼0.2 cm−1) shift in the
C-H stretch mode observed for the perpendicular device. This is in contrast to pentacene devices
which showed bias-stress-induced peak shifts of ∼1 cm−1 [15, 44].
96
5.8 References
[1] JungAh Lim, WiHyoung Lee, Donghoon Kwak, and Kilwon Cho. Evaporation-induced self-
organization of inkjet-printed organic semiconductors on surface-modified dielectrics for high-
performance organic transistors. Langmuir, 25(9):5404–5410, 2009. URL: http://dx.doi.org/
10.1021/la804269q.
[2] Jun Fukai, Hirotaka Ishizuka, Yosuke Sakai, Masayuki Kaneda, Masamichi Morita, and Atsushi
Takahara. Effects of droplet size and solute concentration on drying process of polymer solution
droplets deposited on homogeneous surfaces. International Journal of Heat and Mass Transfer,
49(19-20):3561–3567, 2006. URL: http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.02.049.
[3] Robert D. Deegan, Olgica Bakajin, Todd F. Dupont, Greg Huber, Sidney R. Nagel, and
Thomas A. Witten. Contact line deposits in an evaporating drop. Physical Review E, 62(1):756–
765, 2000. URL: http://dx.doi.org/10.1103/PhysRevE.62.756.
[4] Christoph W. Sele, B. K. Charlotte Kjellander, Bjoern Niesen, Martin J. Thornton, J. Bas
P. H. van der Putten, Kris Myny, Harry J. Wondergem, Armin Moser, Roland Resel, Albert J.
J. M. van Breemen, Nick van Aerle, Paul Heremans, John E. Anthony, and Gerwin H. Gelinck.
Controlled deposition of highly ordered soluble acene thin films: Effect of morphology and
crystal orientation on transistor performance. Advanced Materials, 21(48):4926–4931, 2009.
URL: http://dx.doi.org/10.1002/adma.200901548.
[5] Wi Hyoung Lee, Do Hwan Kim, Yunseok Jang, Jeong Ho Cho, Minkyu Hwang, Yeong Don Park,
Yong Hoon Kim, Jeong In Han, and Kilwon Cho. Solution-processable pentacene microcrystal
arrays for high performance organic field-effect transistors. Appl. Phys. Lett., 90(13):132106–3,
March 2007. URL: http://dx.doi.org/10.1063/1.2717087.
[6] Kenji Sakamoto, Junichi Ueno, Kirill Bulgarevich, and Kazushi Miki. Anisotropic charge trans-
port and contact resistance of 6,13-bis(triisopropylsilylethynyl) pentacene field-effect transistors
fabricated by a modified flow-coating method. Appl. Phys. Lett., 100(12):123301–4, March
2012. URL: http://dx.doi.org/10.1063/1.3695169.
[7] Hctor A. Becerril, Mark E. Roberts, Zihong Liu, Jason Locklin, and Zhenan Bao. High-
performance organic thin-film transistors through solution-sheared deposition of small-molecule
organic semiconductors. Adv. Mater., 20(13):2588–2594, 2008. URL: http://dx.doi.org/10.
1002/adma.200703120.
[8] W. Pisula, A. Menon, M. Stepputat, I. Lieberwirth, U. Kolb, A. Tracz, H. Sirringhaus, T. Pakula,
and K. Mu¨llen. A zone-casting technique for device fabrication of field-effect transistors based
on discotic hexa-peri-hexabenzocoronene. Advanced Materials, 17(6):684–689, 2005. URL:
http://dx.doi.org/10.1002/adma.200401171.
[9] Gaurav Giri, Eric Verploegen, Stefan C. B. Mannsfeld, Sule Atahan-Evrenk, Do Hwan Kim,
Sang Yoon Lee, Hector A. Becerril, Alan Aspuru-Guzik, Michael F. Toney, and Zhenan Bao.
Tuning charge transport in solution-sheared organic semiconductors using lattice strain. Nature,
480(7378):504–508, December 2011. URL: http://dx.doi.org/10.1038/nature10683.
[10] Chuanbing Tang, Adam Tracz, Michal Kruk, Rui Zhang, Detlef-M. Smilgies, Krzysztof Maty-
jaszewski, and Tomasz Kowalewski. Long-range ordered thin films of block copolymers prepared
by zone-casting and their thermal conversion into ordered nanostructured carbon. Journal of
the American Chemical Society, 127(19):6918–6919, 2005. URL: http://dx.doi.org/10.1021/
ja0508929.
[11] Chuanbing Tang, Wei Wu, Detlef-M. Smilgies, Krzysztof Matyjaszewski, and Tomasz
Kowalewski. Robust control of microdomain orientation in thin films of block copolymers by
zone casting. Journal of the American Chemical Society, 133(30):11802–11809, 2011. URL:
http://dx.doi.org/10.1021/ja204724h.
[12] A Tracz, T Makowski, S Masirek, W Pisula, and Y H Geerts. Macroscopically aligned films
of discotic phthalocyanine by zone casting. Nanotechnology, 18(48):485303, 2007. URL: http:
//stacks.iop.org/0957-4484/18/i=48/a=485303.
97
[13] Claudia M. Duffy, Jens W. Andreasen, Dag W. Breiby, Martin M. Nielsen, Masahiko Ando,
Takashi Minakata, and Henning Sirringhaus. High-mobility aligned pentacene films grown by
zone-casting. Chemistry of Materials, 20(23):7252–7259, 2008. URL: http://dx.doi.org/10.
1021/cm801689f.
[14] M. Mas-Torrent, S. Masirek, P. Hadley, N. Crivillers, N.S. Oxtoby, P. Reuter, J. Veciana,
C. Rovira, and A. Tracz. Organic field-effect transistors (OFETs) of highly oriented films of
dithiophene-tetrathiafulvalene prepared by zone casting. Organic Electronics, 9(1):143–148,
February 2008. URL: http://dx.doi.org/10.1016/j.orgel.2007.09.007.
[15] Claudia M. Duffy. Charge Transport in Vacuum-Sublimed and Zone-Cast Pentacene Field Effect
Transistors. PhD thesis, University of Cambridge, 2008.
[16] John E. Anthony, James S. Brooks, David L. Eaton, and Sean R. Parkin. Functionalized pen-
tacene: Improved electronic properties from control of solid-state order. Journal of the American
Chemical Society, 123(38):9482–9483, 2001. URL: http://dx.doi.org/10.1021/ja0162459.
[17] C. D. Sheraw, T. N. Jackson, D. L. Eaton, and J. E. Anthony. Functionalized pentacene
active layer organic thin-film transistors. Advanced Materials, 15(23):2009–2011, 2003. URL:
http://dx.doi.org/10.1002/adma.200305393.
[18] Sung Kyu Park, Thomas N. Jackson, John E. Anthony, and Devin A. Mourey. High mobil-
ity solution processed 6,13-bis(triisopropyl-silylethynyl) pentacene organic thin film transistors.
Applied Physics Letters, 91(6):063514–3, 2007. URL: http://dx.doi.org/10.1063/1.2768934.
[19] Sung Kyu Park, J.E. Anthony, and T.N. Jackson. Solution-processed tips-pentacene organic
thin-film-transistor circuits. Electron Device Letters, IEEE, 28(10):877–879, 2007.
[20] Yong-Hoon Kim, Yong Uk Lee, Jeong-In Han, Sang-Myeon Han, and Min-Koo Han. Influence
of solvent on the film morphology, crystallinity and electrical characteristics of triisopropylsilyl
pentacene OTFTs. Journal of the Electrochemical Society, 154(12):H995–H998, 2007. URL:
http://dx.doi.org/10.1149/1.2783765.
[21] Se Hyun Kim, Danbi Choi, Dae Sung Chung, Chanwoo Yang, Jaeyoung Jang, Chan Eon Park,
and Sang-Hee Ko Park. High-performance solution-processed triisopropylsilylethynyl pentacene
transistors and inverters fabricated by using the selective self-organization technique. Applied
Physics Letters, 93(11):113306–3, 2008. URL: http://dx.doi.org/10.1063/1.2987419.
[22] Jung-Pyo Hong, Aee-Young Park, Seonghoon Lee, Jihoon Kang, Nayool Shin, and Do Y. Yoon.
Tuning of Ag work functions by self-assembled monolayers of aromatic thiols for an efficient hole
injection for solution processed triisopropylsilylethynyl pentacene organic thin film transistors.
Appl. Phys. Lett., 92(14):143311–3, April 2008. URL: http://dx.doi.org/10.1063/1.2907691.
[23] Jihua Chen, Chee Keong Tee, Max Shtein, John Anthony, and David C. Martin. Grain-boundary-
limited charge transport in solution-processed 6,13 bis(tri-isopropylsilylethynyl) pentacene thin
film transistors. Journal of Applied Physics, 103(11):114513–12, 2008. URL: http://dx.doi.
org/10.1063/1.2936978.
[24] J. A Lim, W. H Lee, H. S Lee, J. H Lee, Y. D Park, and K. Cho. Self-organization of ink-
jet-printed triisopropylsilylethynyl pentacene via evaporation-induced flows in a drying droplet.
Advanced Functional Materials, 18(2):229–234, 2008. URL: http://dx.doi.org/10.1002/adfm.
200700859.
[25] Sun Hee Lee, Min Hee Choi, Seung Hoon Han, Dong Joon Choo, Jin Jang, and Soon Ki Kwon.
High-performance thin-film transistor with 6,13-bis(triisopropylsilylethynyl) pentacene by inkjet
printing. Organic Electronics, 9(5):721–726, 2008. URL: http://dx.doi.org/10.1016/j.orgel.
2008.05.002.
[26] J. H. Kwon, J. H. Seo, S. I. Shin, K. H. Kim, D. H. Choi, I. B. Kang, H. Kang, and B. K.
Ju. A 6,13-bis(triisopropylsilylethynyl) pentacene thin-film transistor using a spun-on inorganic
gate-dielectric. IEEE Transactions on Electron Devices, 55(2):500–505, 2008. URL: http:
//dx.doi.org/10.1109/Ted.2007.913007.
98
[27] Sung Kyu Park, Devin A. Mourey, Jeong-In Han, John E. Anthony, and Thomas N. Jackson.
Environmental and operational stability of solution-processed 6,13-bis(triisopropyl-silylethynyl)
pentacene thin film transistors. Organic Electronics, 10(3):486–490, May 2009. URL: http:
//dx.doi.org/10.1016/j.orgel.2009.02.007.
[28] J. H. Chen, Chee Keong Tee, Junyan Yang, Charles Shaw, Max Shtein, John Anthony, and
David C. Martin. Thermal and mechanical cracking in bis(triisopropylsilylethnyl) pentacene
thin films. Journal of Polymer Science Part B: Polymer Physics, 44(24):3631–3641, 2006. URL:
http://dx.doi.org/10.1002/polb.21007.
[29] Fan Zheng, Byoung-Nam Park, Soonjoo Seo, Paul G. Evans, and F. J. Himpsel. Orientation of
pentacene molecules on SiO2: From a monolayer to the bulk. J. Chem. Phys., 126(15):154702–
6, April 2007. URL: http://dx.doi.org/10.1063/1.2717161.
[30] J. H. Chen, J. Anthony, and D. C. Martin. Thermally induced solid-state phase transition of
bis(triisopropylsilylethynyl) pentacene crystals. Journal of Physical Chemistry B, 110(33):16397–
16403, 2006. URL: http://dx.doi.org/10.1021/Jp0627877.
[31] J. H. Chen, D. C. Martin, and J. E. Anthony. Morphology and molecular orientation of thin-film
bis(triisopropylsilylethynyl) pentacene. Journal of Materials Research, 22(6):1701–1709, 2007.
URL: http://dx.doi.org/10.1557/Jmr.2007.0220.
[32] Tomo Sakanoue and Henning Sirringhaus. Band-like temperature dependence of mobility in
asolution-processed organic semiconductor. Nat Mater, 9(9):736–740, 2010. URL: http://dx.
doi.org/10.1038/nmat2825.
[33] Richard Hamilton, Jeremy Smith, Simon Ogier, Martin Heeney, John E. Anthony, Iain Mc-
Culloch, Janos Veres, Donal D. C. Bradley, and Thomas D. Anthopoulos. High-performance
polymer-small molecule blend organic transistors. Advanced Materials, 21(10-11):1166–1171,
2009. URL: http://dx.doi.org/10.1002/adma.200801725.
[34] Marie-Beatrice Madec, David Crouch, Gonzalo Rincon Llorente, Tracie J. Whittle, Mark Ge-
oghegan, and Stephen George Yeates. Organic field effect transistors from ambient solution
processed low molar mass semiconductor-insulator blends. Journal of Materials Chemistry,
18(27):3230–3236, 2008. URL: http://dx.doi.org/10.1039/b802801j.
[35] John E. Anthony, David L. Eaton, and Sean R. Parkin. A road map to stable, soluble, easily
crystallized pentacene derivatives. Organic Letters, 4(1):15–18, 2001. URL: http://dx.doi.org/
10.1021/ol0167356.
[36] O. Ostroverkhova. Anisotropy of transient photoconductivity in functionalized pentacene single
crystals. Appl. Phys. Lett., 89(19):192113, 2006. URL: http://dx.doi.org/10.1063/1.2387135.
[37] D. J. Gundlach, J. E. Royer, S. K. Park, S. Subramanian, O. D. Jurchescu, B. H. Hamadani,
A. J. Moad, R. J. Kline, L. C. Teague, O. Kirillov, C. A. Richter, J. G. Kushmerick, L. J.
Richter, S. R. Parkin, T. N. Jackson, and J. E. Anthony. Contact-induced crystallinity for
high-performance soluble acene-based transistors and circuits. Nature Materials, 7(3):216–221,
2008. URL: http://dx.doi.org/10.1038/nmat2122.
[38] H. Sirringhaus. Device physics of solution-processed organic field-effect transistors. Advanced
Materials, 17(20):2411–2425, 2005. URL: http://dx.doi.org/10.1002/adma.200501152.
[39] Jui-Fen Chang, Tomo Sakanoue, Yoann Olivier, Takafumi Uemura, Marie-Beatrice Dufourg-
Madec, Stephen G. Yeates, Je´roˆme Cornil, Jun Takeya, Alessandro Troisi, and Henning Sirring-
haus. Hall-effect measurements probing the degree of charge-carrier delocalization in solution-
processed crystalline molecular semiconductors. Physical Review Letters, 107(6):066601, 2011.
URL: http://dx.doi.org/10.1103/PhysRevLett.107.066601.
[40] Henning Sirringhaus. Reliability of organic field-effect transistors. Adv. Mater., 21(38-39):3859–
3873, 2009. URL: http://dx.doi.org/10.1002/adma.200901136.
[41] Lay-Lay Chua, Jana Zaumseil, Jui-Fen Chang, Eric C. W. Ou, Peter K. H. Ho, Henning Sirring-
haus, and Richard H. Friend. General observation of n-type field-effect behaviour in organic semi-
conductors. Nature, 434(7030):194–199, 2005. URL: http://dx.doi.org/10.1038/nature03376.
99
[42] Chang Su Kim, Stephanie Lee, Enrique D. Gomez, John E. Anthony, and Yueh-Lin Loo. Solvent-
dependent electrical characteristics and stability of organic thin-film transistors with drop cast
bis(triisopropylsilylethynyl) pentacene. Appl. Phys. Lett., 93(10):103302–3, September 2008.
URL: http://dx.doi.org/10.1063/1.2979691.
[43] S. J. Zilker, C. Detcheverry, E. Cantatore, and D. M. de Leeuw. Bias stress in organic thin-
film transistors and logic gates. Appl. Phys. Lett., 79(8):1124–1126, August 2001. URL:
http://dx.doi.org/10.1063/1.1394718.
[44] Jessica Winfield. Spectroscopy of conjugated polymers and small molecules. PhD thesis, Uni-
versity of Cambridge, 2009.
[45] A. Salleo, M. L. Chabinyc, M. S. Yang, and R. A. Street. Polymer thin-film transistors with
chemically modified dielectric interfaces. Appl. Phys. Lett., 81(23):4383–4385, December 2002.
URL: http://dx.doi.org/10.1063/1.1527691.
[46] R. A. Street, J. E. Northrup, and A. Salleo. Transport in polycrystalline polymer thin-film tran-
sistors. Physical Review B, 71(16):165202, 2005. URL: http://dx.doi.org/10.1103/Physrevb.
71.165202.
100
Chapter 6
Probing Structural and Optical
Anisotropy in Zone-Cast Thin Films
In the previous chapter, zone casting was used to control the anisotropic structural and charge
transport properties of TIPS-pentacene and TES-pentacene thin films. This chapter explores in
more detail the anisotropic optical and structural properties of these films.
First the zone-cast morphologies are compared using polarised optical microscopy. Next, by com-
paring the solution and thin-film UV-visible absorption spectra, the influence of packing on the
opto-electronic properties of the two materials are explored. Using polarised light to probe single
domains, the effect of packing on the orientation of absorption transition dipoles are discussed.
Finally, Raman spectroscopy is used to evaluate the effect of packing on the vibrational properties of
the molecules. Polarised Raman spectroscopy is used to probe the orientation of Raman vibrational
modes in thin films and compared to the anisotropic absorption transition moments.
101
6.1 Introduction
As well as controlling charge transport properties, the large size of the domains created using zone
casting invites a more detailed study of the anisotropic optical and structural properties of the
films. This information could then be used to provide insights into structure-property-performance
relationships of organic semiconductor devices and aid the development of design rules for opti-
mising device performance. 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene) and 6,13-
bis(triethylsilylethynyl) pentacene (TES-pentacene) present themselves as a useful case study for
this purpose [1]. While both materials have a similar molecular structure (Figure 6.1), differing only
in the size of the bulky side-groups, the former has been extensively studied and continues to be
used to demonstrate how innovation in processing techniques and insights into structure-property
relationships can be used to enhance OFET device performance [2–16], with saturation mobilities for
a solution-processed device now exceeding 4 cm2V −1s−1 [17]. TES-pentacene on the other hand
shows poorer charge transport properties and is used here to contrast with TIPS-pentacene [18].
(a) (b) 
~7.5 Å ~6.6 Å 
Figure 6.1: Molecular structure of (a) TIPS-pentacene and (b) TES-pentacene
6.2 TIPS-Pentacene vs. TES-Pentacene
Before discussing the properties of TIPS- and TES-pentacene zone-cast films, a detailed comparison
of their respective molecular and crystalline structures is first presented. Since being described by
Anthony and co-workers in 2001 [1, 19], alkyl-functionalised pentacene molecules have attracted con-
siderable attention, in particular due to the success of TIPS-pentacene as a stable, high-performance
organic semiconductor material for solution-processed OFETs. In describing the design strategy
behind functionalised pentacenes, the size of the symmetric bulky side-group (relative to the pen-
tacene length of ∼14 A˚) is seen as a key parameter in controlling the solid-state packing and hence
charge transport properties [1]. Compared to un-substituted pentacene, functionalisation with bulky
side-groups introduces steric effects and changes the long-axis orientation of the pentacene core
from being almost perpendicular [20] to being practically parallel to the substrate plane. The addi-
tional benefit of enhanced solubility due to the alkyl groups results in a material ideally-suited for
solution-processed device fabrication.
By varying the size of the bulky side-group it was found that, for side-groups diameters of less
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than half the pentacene length (e.g. trimethylsilyl (TMS ∼5 A˚) and triethylsilyl (TES ∼6.6 A˚))
the molecules adopt a 1-D “slipped-stack” packing arrangement [1]. When the side-group diameter
is roughly half the pentacene length (as in triisopropylsilyl (TIPS ∼7.5 A˚)), a favourable lamellar
structure with a 2-D “brick-wall” packing motif is observed. In this structure, strong face-to-face
pi − pi interactions between adjacent pentacene units are promoted and result in improved charge
transport compared to the “slipped-stack” arrangement [1, 18]. Increasing the side-group diameter
beyond this size causes the packing structure to revert to a 1-D “slipped-stack” arrangement, followed
by a herringbone structure. For an illustration of TIPS- and TES-pentacene packing, see Figure 5.14.
The packing structures of TIPS- and TES-pentacene films fabricated using different solution pro-
cesses have been extensively studied using XRD [8, 13, 18, 19]. A summary of the crystal unit
cell parameters for the two materials is shown in Table 6.1. Chen et al. used these parameters to
determine the molecular orientation in TIPS-pentacene thin films, and correlated the pentacene core
orientation to grain boundaries and cracks frequently observed during mechanical- and thermally-
induced stressing [21, 22]. The pentacene long-axis was found to orient along the (120) plane, with
the twin boundaries (symmetry plane) oriented along (12¯0) (illustrated in Figure 6.2). In this way,
in the presence of grain boundaries, polarised optical microscopy (POM) may be used as a simple
tool to determine the crystalline (and hence pentacene backbone) orientation in grains large enough
to be visible.
TIPS-pentacene TES-pentacene
a (A˚) 7.565 7.204
b (A˚) 7.75 9.994
c (A˚) 16.835 11.326
α (°) 89.15 80.81
β (°) 78.42 89.13
γ (°) 83.63 82.21
Table 6.1: Crystallographic unit cell parameters of TIPS- and TES-pentacene
from Reference [18]
_ 
(120) 
twin boundary 
Figure 6.2: Relationship between twin boundaries, cracks and pentacene long-axis
orientation (red), determined from XRD studies and investigations of mechanical
and thermal cracking [21, 22]
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6.3 Polarised Optical Microscopy
An initial comparison of the thin film morphology of zone-cast TIPS- and TES-pentacene films is
carried out by varying the casting speed. Solutions of the respective materials were prepared at
a concentration of 7 mg/ml in toluene and loaded into the solution chamber of the zone-casting
apparatus. A detailed description of the zone-casting process can be found in Section 5.2. Films
are cast on standard borosilicate microscope slides (dimensions 25 × 75 mm) and steady solution
and substrate temperatures of 60 °C and 70 °C, respectively, are maintained throughout. Films are
deposited by injecting the heated solution while translating the substrate at shift speeds of: 20, 30,
50, 100, 500 and 1000 µms−1. The solution injection rate is optimised at each substrate shift speed,
with a typical value being 20 µLs−1. Figure 6.3 shows the POM images of the (a) TIPS-pentacene
and (b) TES-pentacene films cast at different substrate shift speeds.
Slow casting speeds (20–30 µms−1) result in thick films with large crystalline domains (100–
1000 µm) interspersed with dark aggregated material. This is the result of copious amounts of
material being deposited on the same area, resulting in a morphology similar to drop-cast films, with
little control of the morphology at the µm-scale. Within the crystalline domains, the material is well
ordered, with the grain boundaries appearing to align along the zone-casting direction in the case of
TES-pentacene. As the casting speed increases, the contact line sweeps at ever greater speeds over
the substrate and the films become thinner and more even, eventually resulting in highly-aligned flat
“ribbons” of crystalline material. At 1000 µms−1, however, the contact line moves too quickly to
allow for the controlled self-assembly of long crystalline domains, and dewetting dominates (from the
appearance of solidified droplets of material) inter-mixed with sporadic regions of thin, aligned crys-
tals (not shown). It is interesting to note that, although the packing structures of the two materials
are different, the crystallisation dynamics imposed by the zone-casting process cause both materials
to form very similar thin-film and grain structures.
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6.4 UV-Visible Absorption Spectroscopy
6.4.1 Solution vs. Thin Film
UV-visible absorption spectroscopy can not only give information on the electronic transitions within a
single conjugated pentacene core but can also be sensitive to the local (nano-scale) packing structure.
This is due to the delocalisation of the photo-generated exciton across several molecules when they
are sufficiently well-packed, as in the case of pentacene [23, 24]. To understand the role of packing
on the optical properties of TIPS- and TES-pentacene, solution absorption spectra (at 7 mg/ml in
toluene and a path length of 1 mm) of both materials are first compared (Figure 6.4). The solution
absorption spectra of TIPS- and TES-pentacene are almost identical, an observation previously noted
by Platt et al. [25] and supported by DFT calculations (see Appendix D) This is because the optical
transitions occur within the conjugated pentacene core which is adequately insulated electronically
from the differing bulky side-groups by the triple-bonded acetylene linker. Varying the solution
concentration from 1–10 mg/ml did not significantly alter the peak positions, supporting the idea
that the molecules were well-dissolved and that the influence of inter-molecular interactions are
negligible in these solutions.
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Figure 6.4: Normalised UV-visible absorption spectra of TIPS-pentacene (black)
and TES-pentacene (red) in toluene solutions. Vibronic replicas arise due to cou-
pling to the C-C short-axis stretch mode at ∼1370 cm−1
The solution absorption spectra exhibited a strong peak at 644 nm due to the fundamental S0→S1
or pi−pi∗ transition. Coupling of this neutral excited state to the dominant C-C ring stretching mode
along the short axis of the pentacene core is observed from the appearance of vibronic replicas 0−n
(with n = 0, 1, 2, 3) with an energy spacing of ∼1370 cm−1, a result supported by calculations on
unsubstituted pentacene [24]. Such vibronic transitions can be explained according to the Frank-
Condon principle [26]. In addition, a weaker transition at 441 nm is detected, possibly due to the
S0→S2 transition, again with vibronic coupling present. A summary of the absorption peaks are
outlined in Table 6.2.
Packing-induced changes in the optoelectronic properties of TIPS- and TES-pentacene are observed
from the UV-visible absorption spectra of thin films spin-coated from toluene solutions (Figure 6.5).
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Vibronic Mode S0→S1 S0→S2
0-0 649 441
0-1 592 417
0-2 549 390
0-3 511 -
Table 6.2: UV-visible absorption peaks of (identical) TIPS- and TES-pentacene
spectra in toluene solutions from Figure 6.4. All values are quoted in nm
Three prominent absorption peaks (discussed in more detail later in this chapter) are observed in
TIPS-pentacene (TES-pentacene):
A - Peak at ∼695 nm (∼695 nm) red-shifted by ∼45 nm from the solution spectrum
B - Peak at ∼585 nm (∼560 nm) blue-shifted by ∼65 nm (∼90 nm);
C - A high-energy peak at ∼445 nm (∼445 nm) unchanged from the solution spectra
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Figure 6.5: Normalised optical absorption spectra comparing solution and thin-
film TIPS- and TES-pentacene. New packing-induced peaks are observed (A & B)
while C appears unchanged
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6.4.2 Effect of Zone-Casting Speed
A more detailed characterisation of the optical properties of the materials is performed by monitoring
the changes in absorption spectra of TIPS- and TES-pentacene films zone-cast at different substrate
speeds. From the background-corrected spectra in Figure 6.6 the general trend is a reduction in
absorbance with increasing casting speed, for both materials, which is consistent with a reduction in
film thickness. Relative peak intensities are examined by normalising the absorption spectra to the
most prominent peak around 560–590 nm, shown in Figure 6.7. A difference between the intensities
of the lowest-energy peak and higher-energy peaks is observed for the different deposition speeds.
This indicates that the increase in casting speed is not only affecting the film thickness and crystal
size/shape, but may also be changing the packing structure with respect to the zone-casting direction.
To better understand the effect of packing and crystal orientation on the absorption properties, a
detailed study of the 100 µms−1 sample is performed using polarised absorption spectroscopy.
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Figure 6.6: Background-corrected UV-visible absorption spectra of (a) TIPS-
pentacene and (b) TES-pentacene as a function of zone-casting speed
0
0.2
0.4
0.6
0.8
1
1.2
400 500 600 700 800 900
20 um/s
30 um/s
50 um/s
100 um/s
200 um/s
500 um/s
N
o
rm
a
lis
e
d
 A
b
s
o
rb
a
n
c
e
 (
a
. 
u
.)
Wavelength (nm)
(a) 
0
0.2
0.4
0.6
0.8
1
1.2
400 500 600 700 800 900
20 um/s
30 um/s
50 um/s
100 um/s
200 um/s
500 um/s
N
o
rm
a
lis
e
d
 A
b
s
o
rb
a
n
c
e
 (
a
. 
u
.)
Wavelength (nm)
(b) 
Figure 6.7: Normalised UV-visible absorption spectra of (a) TIPS-pentacene and
(b) TES-pentacene from Figure 6.6. The prominent peak at ∼590 nm (TIPS-
pentacene) and ∼560 nm (TES-pentacene) is used for the normalisation
108
6.5 Polarised UV-Visible Absorption Spectroscopy
Polarised UV-visible absorption spectroscopy is frequently used to characterise the optical anisotropy
of aligned organic semiconductor thin films and can be used to decipher the nature of the absorption
transition [13, 27–30]. Previous studies have mainly investigated thin-film optical dichroism by using
linearly-polarised light and comparing the parallel and perpendicular absorption spectra. For this
present study, angle-resolved polarised optical absorption spectra are measured to fully characterise
the in-plane film dichroic properties of the 100 µms−1 films in both TIPS- and TES-pentacene.
This is achieved using a broad-band wire-grid polariser mounted in a rotating optical mount (see
Section 3.2.4). From the resulting absorption spectra (Figure 6.8), peak intensities as a function of
polarisation angle are extracted and shown in a polar plot. In these polar plots, the polar angle (θ)
is defined between the linearly-polarised light and the zone-casting orientation (with θ = 0° defined
as the light polarised parallel to the zone-casting direction).
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Figure 6.8: (Left) Polarised absorption spectra from (a) TIPS-pentacene and
(b) TES-pentacene samples cast at 100 µms−1 (optical images inset). Polarisation
angles of θ = 0° and θ = 100° are shown, where θ = 0° is defined as parallel to
the zone-casting direction. The beam spot is indicated in red; (Right) Extracted
absorbances from the peaks labelled A, B, C for the angular range θ = 0− 180°,
along with a cos2 θ curve fit
From Figure 6.8, the absorption spectra are seen to have a strong dependence on the polarisation
of light (high optical dichroism). It is interesting to note that not all of the absorption transitions
follow the same polarisation dependence, with the low-energy peak A (∼695 nm) in particular being
orthogonal to peaks B and C, which are both oriented towards the zone-casting direction. The
optical dichroism of the zone-cast films may be observed directly by inspection of the zone-cast films
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through polarised light (Figure 6.8 (a) & (b) (inset)). In the TIPS-pentacene film, both dark and
bright regions are observed. In TES-pentacene, blue and red regions can be seen. The differences in
colour arise from different crystal and molecular orientations between the two domains [16, 22, 31],
illustrated in Figure 6.9. Since the spot size of the absorption spectrophotometer is larger than the
domain size, the results in Figure 6.8 represent the average or ensemble dichroic properties of the
films. To gain a deeper insight into the intrinsic dichroic properties of a single crystalline domain, and
to correlate the optical anisotropy to the structural anisotropy, a 1-mm aperture is used to confine
the spot size to a single crystalline domain.
1 cm 
Figure 6.9: Dark and bright regions observed through polarised light arise from
different crystalline and molecular orientations (pentacene backbones indicated
in black). Spectra taken using a large spot size (dashed line) represent many
domains. A small spot size (solid circle) can be used to probe a single crystalline
domain
As an aside, reversing the film causes the bright domains to appear dark and vice versa (Figure 6.10),
highlighting the symmetry of the in-plane molecular orientations of the two domains. In addition,
tilting the film towards and away from the light source reveals two symmetric out-of-plane molecular
orientations. Since charge transport in OFETs occurs parallel to the substrate plane, only the in-plane
optical anisotropy is studied in this work.
(a) 
(b) 
Figure 6.10: Polarised images of a TIPS-pentacene film zone-cast at 100 µms−1
that has been back-lit by plane-polarised light: (a) Substrate is tilted ± 45° with
respect to the backlight polarisation to demonstrate two in-plane crystal orien-
tations; (b) Substrate is tilted towards and away from back-light to demonstrate
two out-of-plane crystal orientations
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6.5.1 Single-Domain Polarised Absorption
To deconvolve the intrinsic dichroic optical properties of the crystals, and to elucidate the origin and
properties of the absorption transitions, polarised absorption spectra are taken from single domains
of commonly-oriented crystals (Figure 6.11). By using large substrates and a wide nozzle (∼4 cm),
the zone-casting set-up used in this study is able to deposit films with large enough domains (lateral
size >1 mm) for this to be achievable without significant modification to the UV-visible absorption
spectrometer. A 1-mm circular aperture is installed in the spectrometer beam path and the substrate
is aligned so that only a single orientational domain is probed with the light source. The two domains
are labelled “Left” and “Right” to reflect the symmetry of the crystal orientations [16]. The polarised
absorption spectra from each domain of both materials are shown in Figure 6.12 and the polar plots
of the extracted absorption transition intensities of peaks A, B & C are plotted in Figure 6.13.
L R 
Figure 6.11: Polarised optical image of a TIPS-pentacene zone-cast film show-
ing bright and dark regions arising from the “Left” (L) and “Right” (R) crystal
orientations. The 1-mm spot size is indicated in the figure
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Figure 6.12: Single-domain polarised absorption spectra taken from the “Left”
and “Right” domains of (a) TIPS-pentacene and (b) TES-pentacene
For both TIPS- and TES-pentacene, the dichroic properties of the “Left” and “Right” domains
are symmetric, as expected, showing unambiguously that the two orientational domains arise from
twinned crystals (separated from each other by twin boundaries) [16, 31, 32]. From the plots in
111
0
30
60
90
120
150
180
210
240
270
300
330
Peak A (L)
Peak B (L)
Peak C (L)
Peak A (L) fit
Peak B (L) fit
Peak C (L) fit
0
30
60
90
120
150
180
210
240
270
300
330
Peak A (R)
Peak B (R)
Peak C (R)
Peak A (R) fit
Peak B (R) fit
Peak C (R) fit
0
30
60
90
120
150
180
210
240
270
300
330
Peak A (L)
Peak B (L)
Peak C (L)
Peak A (L) fit
Peak B (L) fit
Peak C (L) fit
0
30
60
90
120
150
180
210
240
270
300
330
Peak A (R)
Peak B (R)
Peak C (R)
Peak A (R) fit
Peak B (R) fit
Peak C (R) fit
(a) 
(b) 
Left Right 
Figure 6.13: Single-domain optical absorbances (as a function of polarisation
angle) of peaks peaks A, B & C extracted from Figure 6.12. Both the “Left”
and “Right” domains from (a) TIPS-Pentacene and (b) TES-pentacene films are
displayed. The zone-casting direction is indicated in the figure. cos2 θ curve fits
are applied to the polar plots (dashed lines)
Figure 6.13, it is clear that none of the absorption transition dipole moments are oriented directly
along the zone-casting direction, as implied from the film (or “ensemble”) dichroism (Figure 6.8).
For both TIPS- and TES-pentacene, the lowest-energy absorption transition dipole at peak A (at
∼695 nm) is oriented ∼ ±40° from the zone-casting direction, while the high-energy peak C (at
∼440 nm) is oriented orthogonal to peak A, at ∼ ∓50° from the zone-casting direction. The inter-
mediate peak B is oriented along peak C in TIPS-pentacene but close (∼ ±20°) to the zone-casting
direction in TES-pentacene. Apart from the absorption at ∼440 nm, TIPS-pentacene absorption is
dominated by the ∼585 nm transition (peak B) while TES-pentacene absorption is dominated by
the ∼695 nm transition (peak A).
From the cos2 θ curve fits in Figure 6.13, the dichroic ratios of the three absorption transitions are
extracted and compared in Table 6.3. In both materials, the highest-energy absorption transition
at peak C shows the highest optical dichroism (>100). For TIPS-pentacene, a higher dichroism
is observed in peak B (5.6–11.5) compared to peak A (3.2–3.5), while TES-pentacene shows the
reverse trend, with a higher dichroism is observed in peak A (6.5–16.2) compared to peak B (2.5–2.8).
To better understand the nature of these absorption transition dipoles, a more detailed comparison
between the absorption transition dipole moments and packing structure is warranted.
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Peak TIPS “Left” TIPS “Right” TES “Left” TES “Right”
A 3.2 ± 0.1 3.5 ± 0.2 16 ± 6 6.5 ± 0.6
B 6 ± 1 12 ± 6 2.8 ± 0.1 2.5 ± 0.1
C >(100 ± 50) >(100 ± 50) >(100 ± 50) >(100 ± 50)
Table 6.3: Single-domain dichroic ratios of peaks A, B, & C extracted from the
cos2 θ curve fits in Figure 6.13, along with their uncertainties
6.5.2 Relation to Packing Structure
Numerous studies have been performed on the crystallographic properties of TIPS- and TES-pent-
acene, including anisotropic films fabricated using solution-processed alignment techniques [1, 13,
16, 18]. TIPS-pentacene, due to its headline charge transport properties, has been particularly well-
studied. The twin boundary [16, 21, 31], visible under optical microscopy, is of particular interest
since it preferentially aligns along the solution alignment direction and acts as a symmetry axis which
can then be used to relate the other crystallographic unit cell vectors (and hence the pentacene core
orientation) as discussed in Section 6.2. A comparison between the anisotropic optical properties
and the packing structure can therefore be made using the twin boundary orientation (aligned along
the zone-casting or θ = 0° direction) as a point of common reference.
Polarised absorption properties of both the “Left” and “Right” orientational domains are compared to
their respective packing structures in Figure 6.14. The twin boundary, as observed in the optical image
(labelled in the figure) is coincident with the θ = 0° (parallel) polarisation angle. The validity of this
technique lies in the fact that, although the light beam is macroscopic (∼1 mm), the zone-casting
process has produced grains that are sufficiently uniform over large areas (larger than 1 mm). The
morphology of the area probed using polarised absorption spectroscopy can, to a first approximation,
be effectively represented by a single crystallographic unit cell. Subtle variations in crystal orientation
within the spot size could reduce the optical anisotropy/dichroism but is not expected to dramatically
change the absorption transition orientations, since the absorption peaks are well-resolved throughout
the polarisation series (see Figure 6.8).
Inspection of Figure 6.14 indicates that the low-energy absorption transition dipole moment (at
∼695 nm) of both TIPS- and TES-pentacene is polarised at or close to the crystallographic a-axis
(the pentacene-pentacene stacking axis) which is indicated in the figure. This behaviour, i.e. a
red-shifted packing-induced absorption transition oriented along the stacking direction, suggests a J-
aggregate-like charge transfer exciton formation [33, 34]. The spectral signatures of J-aggregates in
pentacene has been widely-discussed in the literature [23–25]. In general, J-aggregates are described
as a 1-dimensional stacking of identical molecules, with the absorption transition dipole moment of
each molecule aligned towards the aggregate stacking axis (exactly parallel to the stacking axis in
the ideal case). Due to exchange effects between coupled conjugated cores, the optical transition
energy is lower than the un-aggregated monomer [33]. This results in the characteristic red-shift
of J-aggregated molecules [34–37]. In the ideal J-aggregate, strong interactions between Frenkel
and Charge-Transfer excitons lead to a suppression in exciton-vibronic coupling which diminishes the
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Figure 6.14: Polarisation-dependence of absorption transition dipoles associated
with peaks A, B & C from TIPS-pentacene twinned domains (data taken from
Figure 6.13 (a)) superimposed on the crystal structure. The crystal structures
are aligned using the grain boundaries observed in the optical image. The crys-
tallographic a- and b-axes are indicated in the figure, along with the zone-casting
direction
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0−1, 2, 3, ... vibronic transitions, resulting in a sharply-defined, single red-shifted absorption peak [24]
(in the absence of other effects such as Davydov splitting [38]). Absorption spectra polarised along the
a-axis (J-stacking direction), shown in Figure 6.15, clearly indicate the presence of vibronic replicas
suggesting that, rather than a pure J-aggregate, these films exhibit J-aggregate-like behaviour, with
a narrower exciton bandwidth than would be expected in ideal J-aggregates [33].
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Figure 6.15: UV-visible absorption spectra of TIPS-pentacene and TES-
pentacene polarised close to the crystallographic a-axis
On the other hand, Figure 6.14 shows that the high-energy absorption transition dipoles (B & C) are
oriented towards the crystallographic b-axis, and could arise either from intra-molecular excitations
or due to a H-aggregate-like excitonic interactions [33]. Interestingly, the red-shifted peak A is
almost entirely suppressed when the absorption is polarised along the b-axis. For the highest-energy
absorption transition (C), since the spectral position and vibronic nature of the peak is unchanged
from solution to thin film (see Figure 6.16), a strong case can be made that this peak is indeed
due to an intra-molecular optical excitation. This is supported by previous studies on pentacene
which show that the intra-molecular absorption transition dipole is oriented along the short-axis of
the pentacene conjugated core [23, 30].
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Figure 6.16: UV-visible absorption spectra of TIPS-pentacene and TES-
pentacene polarised close to the crystallographic b-axis
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In contrast, the broad features around peak B are reminiscent of H-aggregation. Simultaneous J- and
H-aggregation has been previously observed in porphyrin aggregates [39]. By gradually increasing
the porphyrin concentration in solutions, the onset of J-aggregation was observed spectroscopically
through a red-shifted narrow absorption peak. Upon further increasing the concentration, the J-
aggregates interact to form compound J-aggregates which appear spectroscopically as H-aggregates
(new blue-shifted absorption peak). Recent theoretical studies also point to the simultaneous ex-
istence of J- and H-aggregate-like species in un-substituted pentacene, with the spectrally-shifted
aggregate absorption transition dipoles polarised along their respective stacking axes [24]. The po-
larisation of the J-aggregate-like bands are oriented along the J-aggregate stacking axis; likewise the
polarisation of the H-aggregated-like bands are oriented along the H-aggregate stacking axis.
By applying this framework to the zone-cast films, the pentacene derivatives can be considered as an
excitonic “super-aggregate” of aligned J-aggregates (with accompanying red-shifted absorption bands
polarised along the J-aggregate axis). These pentacene J-aggregates are close enough to interact
to form H-aggregates with each other, with the size of the bulky side-groups determining the H-
aggregate stacking distance. In TIPS-pentacene, the bulky side-groups encourage the pentacene
J-aggregates to strongly interact, described as a 2-D “brick wall” structure [19, 40]. H-aggregation
of TIPS-pentacene has previously been observed using azeotropic binary solvents [41]. In TES-
pentacene, however, the TES side groups are not large enough to bring the pentacene J-aggregates
into cofacial alignment, and therefore strong H-aggregation does not occur. The relative strengths
of J- and H-aggregation could be reflected by the relative intensities of the red-shifted and blue-
shifted absorption modes, respectively [33]. TIPS-pentacene clearly shows an enhanced blue-shifted
(H-aggregate-like) peak, whereas TES-pentacene shows an enhanced red-shifted (J-aggregate-like)
peak.
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6.6 Raman Spectroscopy
6.6.1 DFT Calculations
Raman spectroscopy is used as a local probe to study the packing-induced changes in the vibrational
modes of TIPS- and TES-pentacene. An initial comparison between the DFT-calculated vibrational
modes is performed using the Gaussian09 computational chemistry package (for a detailed de-
scription of the DFT methods, please refer to Appendix C). A full summary of the DFT results for
TIPS-pentacene can be found in Appendix D. The simulated Raman spectra for both the TIPS-
and TES-pentacene molecules, in the virtual gas phase, are shown in Figure 6.17 (Top). According
to the simulated results, the Raman spectra of both molecules should be practically identical in
the fingerprint region (1100–1700 cm−1). This is because all the prominent Raman modes in the
fingerprint region arise from vibrations in the conjugated pentacene core, which remains unchanged.
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Figure 6.17: (Top) DFT-calculated vibrational frequencies and normalised Raman
Activities of TIPS- and TES-pentacene isolated molecules in the virtual gas phase.
The B3LYP hybrid functional and 6-31G(d) basis set are used (further details in
Appendix C). An empirical scaling factor of 0.96 is applied to the calculated
wavenumbers [42]. (Bottom) Normalised Raman spectra of TIPS- and TES-
pentacene in toluene solutions, taken using 785 nm laser excitation. The modes
marked “∗” are due to toluene
Corresponding Raman spectra are taken from TIPS- and TES-pentacene in 7mg/ml toluene solutions
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Vibrational Mode TIPS (DFT)* TES (DFT)* TIPS (soln.) TES (soln.)
C-H rocking (ends) 1146 1142 1155 1156
C-H rocking (sides) 1185 1185 1193 1192
C-C stretch (short axis) 1375 1376 1375 1374
C-C stretch (long axis) 1561 1561 1581 1580
C=C stretch 1612 1615 1626 1626
Table 6.4: Summary of TIPS- and TES-pentacene vibrational modes with
wavenumbers (in cm−1) calculated using DFT/B3LYP/6-31G(d) and measured
from toluene solutions under 785 nm excitation. *Calculated wavenumbers have
been scaled by 0.96 (see Appendix C for further details)
(Figure 6.17 (Bottom)) taken under 785 nm laser excitation. Solutions are used to approximate,
as closely as possible, the isolated-molecule Raman spectra for comparison with the DFT results.
TIPS- and TES-pentacene solution spectra are very similar, supporting the DFT conclusions that
the Raman modes arise from the identical pentacene cores, and not the bulky side-groups.
By applying an empirical scaling factor of 0.96 to the calculated wavenumbers [42], it is possible to
directly compare the calculated and experimental spectra and thereby assign the vibrational properties
to the observed Raman modes (see Appendix C for further details). Apart from at least two peaks
arising from the toluene solvent (marked in Figure 6.17 (Bottom) with an “∗”), the solution spectra
corresponded well with the simulated Raman modes. Vibrational mode assignments for TIPS- and
TES-pentacene are summarised in Table 6.4 and agree with similar Raman mode assignments for
un-substituted pentacene [43–45].
6.6.2 Solution vs. Thin Film
To observe the effect of packing on the vibrational modes, Raman spectra are taken from crystalline
thin films of TIPS- and TES-pentacene (drop cast from toluene solutions), shown normalised to the
C-C short-axis mode in Figure 6.18. Changes in the relative peak intensities and Raman shifts of
various modes are observed. A close examination of the main changes between the TIPS- and TES-
pentacene film, along with a comparison with solution spectra, is shown in Figure 6.19. Most of the
vibrational modes in TES-pentacene are shifted to a lower energy relative to TIPS-pentacene. The
biggest changes (4 cm−1) are observed in the C-H rocking modes from the ends (1158→1154 cm−1)
and sides (1194→1190 cm−1) of the pentacene core. The frequency changes of these modes are
due to intermolecular effects and are likely caused by the difference in pentacene-pentacene overlap
(packing) resulting from the different crystalline structures of both materials. The main changes to
the Raman peak positions from solution to thin film are summarised in Table 6.5.
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Figure 6.18: Normalised Raman spectra (taken under 785 nm) of TIPS- and
TES-pentacene films drop cast from toluene solutions
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Figure 6.19: Comparison between TIPS- and TES-pentacene solution and thin-
film Raman spectra. The modes examined are (a) C-H rocking mode (ends),
(b) C-C ring stretch (short-axis) and (c) C-C ring stretch (long-axis)
Vibrational Mode TIPS (soln) TES (soln) TIPS (film)[∆] TES (film)[∆]
C-H rocking (ends) 1155 1156 1158 [+3] 1154 [-2]
C-H rocking (sides) 1193 1192 1194 [+1] 1191 [-1]
C-C stretch (short axis) 1375 1374 1373 [-2] 1373 [-1]
C-C stretch (long axis) 1581 1580 1578 [-3] 1578 [-2]
C=C stretch 1626 1626 1626 [+0] 1624 [-2]
Table 6.5: Comparison between TIPS- and TES-pentacene solution and thin-film
Raman peak positions (in cm−1). The solution-to-film peak-shifts, ∆, are noted
in the square brackets
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6.6.3 Effect of Zone-Casting Speed
Using the same zone-cast samples measured with UV-visible absorption spectroscopy in Section 6.4.2,
Raman spectra of TIPS- and TES-pentacene thin films with different casting speeds were acquired
using 785 nm laser excitation. As evident in Figure 6.20, there is a strong photoluminescence
background in the Raman spectra which is due to the borosilicate substrate. The only changes
observed in the Raman peaks themselves is a decrease in intensity with increasing casting speed.
This is consistent with the UV-visible absorption results and is due to a reduction in film thickness.
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Figure 6.20: Raman spectra of (Top) TIPS-pentacene and (Bottom) TES-
pentacene films as a function of zone-casting speed. The broad background
features are due to photoluminescence from the borosilicate substrate. Raman
peaks decrease in intensity with increasing casting speed (corresponding with a
reduction in film thickness)
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6.7 Polarised Raman Spectroscopy
Anisotropic properties of the Raman spectra are next investigated using polarised Raman spectroscopy
which, as demonstrated in Chapter 4, can be used to determine the local molecular order and
orientation in thin films. A series of polarised Raman spectra are taken from the 100 µms−1
sample in 10° intervals, one from each of the (symmetric) twinned domains (optical images shown
in Figure 6.21). The orientation of the pentacene long-axis is superimposed on the optical image,
determined in relation to the twin boundary (i.e. zone-casting) orientation (see Section 6.5.2).
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Figure 6.21: Optical images of the Left and Right domains from (a) TIPS-
pentacene and (b) TES-pentacene, probed using polarised Raman spectroscopy.
Films are zone-cast from toluene solutions at 100 µms−1. The pentacene long-
axis orientations are shown in red on the figure and align parallel to the observable
(120) boundaries
Variations in Raman mode intensities are observed as the excitation laser polarisation angle, incident
on the sample, is changed. The two strongest modes (1374 cm−1 and 1578 cm−1, arising from
C-C ring stretch modes along the pentacene short- and long-axis, respectively) are selected and their
Raman intensities plotted in Figure 6.22 as a function of polarisation angle (θ). The θ = 0° reference
is oriented parallel to the zone-casting direction. Polarised Raman plots are shown for both grain
orientations across the twin boundary for TIPS- and TES-Pentacene (labelled “Left” and “Right”).
A mirror symmetry in the Raman mode polarisations are observed, consistent with the polarised
UV-visible absorption measurements. The zone-casting direction (twin-boundary orientation) acts as
a symmetry axis for the two grain orientations.
In both TIPS- and TES-pentacene, the long-axis mode (red) shows a strong correlation with the
pentacene long-axis orientation in the films (±(50–60)° relative to the zone-casting direction). While
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Figure 6.22: Polar plots of (background-corrected) Raman C-C mode (short-
axis and long-axis) intensities as a function of polarisation angle for (a) TIPS-
pentacene and (b) TES-pentacene films from Figure 6.21. The pentacene long-
axis orientation is indicated by the red arrows
the long-axis orientation appears similar between TIPS- and TES-pentacene, the orientation of the
short-axis mode (black) is, however, different between the two films (∼20° and ∼30° relative to the
zone-casting direction for TIPS- and TES-pentacene, respectively). This suggests that, while the
in-plane orientation of the pentacene units are similar in both materials, the out-of-plane orientation
may differ (increased out-of-plane tilting in TES-pentacene).
The Raman anisotropy can be extracted from the polar plots using Equation 6.1 to quantify the
molecular order between the two materials.
A =
IMAX − IMIN
IMAX + 2IMIN
(6.1)
The short-axis Raman anisotropy is determined to be ∼0.50 for TIPS-pentacene and ∼0.34 for
TES-pentacene (where 1 = perfectly anisotropic and 0 = perfectly isotropic), indicating that the
former exhibits a higher degree of molecular order, likely due to the extra stability provided by
the 2-D brick-wall motif (as opposed to the 1-D slipped-stack motif in TES-pentacene) [1]. These
Raman measurements provide a high-resolution confirmation of the structural properties of zone-cast
TIPS- and TES-pentacene thin films (in terms of the pentacene molecular orientation) and provide
additional evidence for the symmetry of the crystalline structures between twinned domains.
122
6.8 Conclusions
As demonstrated in Chapter 5, crystal structure and grain orientation are important factors in deter-
mining charge transport properties. As organic semiconductor fabrication techniques become more
sophisticated, so too must our characterisation techniques develop to improve our understanding
of fundamental opto-electronic and charge transport properties. For OFETs fabricated using small
molecules, film anisotropy is a particularly important consideration. In this work the fabrication and
characterisation of anisotropic, highly aligned crystalline films of two pentacene derivatives, namely
TIPS- and TES-pentacene, was performed. Optical microscopy revealed that, despite the different
packing structures, zone casting was able to produce comparable macro-scale morphologies in both
materials with long, highly aligned crystalline grains many millimetres in size. UV-visible absorption
spectroscopy was used to identify a red-shifted packing-induced absorption peak at 690–695 nm
and a second blue-shifted feature around 560–585 nm. Polarised absorption spectroscopy of single
grains was used to determine the absorption transition dipole orientations in the crystals. In both
materials, the low-energy absorption peak exhibited a delocalised J-aggregate-like exciton character,
oriented along the crystallographic a-axis (pentacene-pentacene stacking axis), while the high-energy
transition dipole orientation was dependent on the packing structure, being oriented predominantly
along the b-axis in a H-aggregate-like behaviour.
Raman spectroscopy was used to characterise the effect of packing on the vibrational modes of the
conjugated pentacene cores. While the Raman spectra of both materials in solutions were almost
identical, packing-induced peak shifts were observed. The largest peakshifts were observed in the C-
H rocking modes (from the ends and sides of the pentacene cores), suggesting that these modes are
the most sensitive to face-to-face interactions between adjacent pentacene units. Polarised Raman
spectroscopy revealed that the C-C long-axis Raman mode was closely aligned along the pentacene
units in both materials (±(50–60)° relative to the zone-casting direction), while a difference in C-C
short-axis mode orientation suggested a difference in out-of-plane orientation between TIPS- and
TES-pentacene. A symmetry in the pentacene molecular orientations across the twin boundary was
also observed, at a resolution of ∼1 µm.
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Chapter 7
Understanding the Effects of Molecular
Structure and Order on Thin-Film
Properties
This chapter describes the application of quantum-chemical methods to systematically explore the
structure-property relationships in a range of organic semiconductor systems. Full details of the
theoretical methods can be found in Appendix C. These relationships are combined with experimental
results and used to probe molecular structure and order in organic semiconductor thin films to gain
deeper insights into device performance.
• Section 7.1 explores the effect of placement and position of hexyl side chains on the conjugated
backbone conformation and optical properties of a novel thiophene-benzothiadiazole-thiophene
(TBT) derivative
• Section 7.2 involves the study of molecular order in poly(3-hexylthiophene) (P3HT), includ-
ing the effect of blending with phenyl-C61-butyric acid methyl ester (PCBM) and thermal
annealing
• Section 7.3 expands on the previous study to explore the effect of heavy-atom substitution in
poly(3-hexylselenophene) (P3HS) on molecular conformation and packing
• Section 7.4 studies the effect of heavy bridging-atom substitution on structural and optical
properties of a novel dithienosil(germ)ole derivative
• Section 7.5 explores the effect of thermal treatment on ambipolar charge-transport properties
in a novel donor-acceptor co-polymer for OFET applications
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7.1 Effect of Side-Chains on Opto-Electronic Properties
7.1.1 Motivation
Since the initial discovery of opto-electronic properties in conjugated polymers [1], numerous ad-
vances in the understanding of the photo-physical processes in this class of materials have led to
the realisation of practical applications. For example, large-area OLED displays are now entering
the marketplace while OPV power conversion efficiencies (PCEs) continue to improve apace. Im-
proved understanding of fundamental structure-property relationships gives us the ability to tailor
new materials to further enhance device performance or unlock new applications. For example,
tuning the optical properties of organic semiconductor material can be achieved through different
chemical/synthetic design strategies applied to the conjugated backbone. One such method involves
donor-acceptor co-polymers to produce a push-pull effect that enables photo-excitation from the
longer-wavelength portion of the solar spectrum, thereby increasing exciton generation and improv-
ing power conversion efficiencies in organic photovoltaic devices [2–4]. Alkyl chains are usually added
to the polymer backbone to aid solubility and enable applications in solution-processed fabrication
techniques such as roll-to-roll manufacturing. An additional function of alkyl side-groups has been
exploited in polymers such as regio-regular P3HT [5] and pBTTT [6], where the side-chains of ad-
jacent polymers interact to encourage improved backbone conformation and foster lamellar packing,
which in turn enhances visible light absorption and charge carrier mobilities. Further research on the
conformational and packing effects of alkyl side-chains in opto-electronic materials is warranted.
In this work, the placement and position of side-chains is studied in terms of changes to the structural,
vibrational and opto-electronic properties of the poly[bis-N, N-(4-octylphenyl)-bis-N, N-phenyl-1, 4-
phenylenediamine-alt-5, 5’-4’, 7’,-di-2-thienyl-2’, 1’, 3’-benzothiadiazole] (T8TBT) polymer system.
Using Density Functional Theory (DFT) calculations, the effect of side-chain placement and posi-
tioning on the conformation and opto-electronic properties of the T8TBT backbone is evaluated by
studying the changes in calculated geometries and vibrational properties. Using a series of systematic
calculations, structure-vibrational relationships are developed and applied to experimental vibrational
spectroscopy, namely Raman spectroscopy. Using this information, a fundamental understanding of
the effects of side-chains on the structural properties of the backbone is then applied to understand
the opto-electronic properties of the materials.
This work was carried out in collaboration with Dr Philipp M. Oberhumer, The Cavendish Laboratory,
Cambridge (who supplied the experimental data and calculated absorption spectra) and is published
in Reference [7].
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7.1.2 T8TBT
A series of three polymers were synthesised by Tu et al. [8] based on the T8TBT backbone, shown
in Figure 7.1. The difference between the three polymers is the presence and positioning of the hexyl
side-chains (indicated in the figure). In T8TBT-zero, no side-chain is present, whereas T8TBT-out
has the side-chains attached to the thiophene units and facing away from the benzothiadiazole (BT)
unit. The T8TBT-in has the side-chains facing towards the BT unit. The molecular weight and
polydispersity index of the three polymers are shown in Table 7.1.
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Figure 7.1: Molecular structure of T8TBT-zero, T8TBT-out and T8TBT-in
donor-acceptor copolymers, the synthesis of which is described in Reference [8]
Polymer Mn (103gmol−1) PDI
T8TBT-zero 13 2.1
T8TBT-out 19 2.1
T8TBT-in 25 1.3
Table 7.1: Molecular weight (Mn) and poly-dispersity index (PDI) of the three
T8TBT-zero, T8TBT-out and T8TBT-in copolymers. Data is taken from Refer-
ence [8]
Raman Spectroscopy
Since the primary experimental tool used to probe the structure of these three polymers is Raman
spectroscopy, an initial comparison is made between the simulated Raman spectrum of a T8TBT-
zero monomer (Figure 7.2 (a)) and a thin-film Raman spectrum of T8TBT-zero (Figure 7.2 (b)).
The T8TBT-zero monomer was geometrically optimised in the gas phase using the B3LYP [9] DFT
hybrid functional and the 6-31G [10] basis set.
By comparing the features of the calculated and experimental Raman spectra, vibrational assignments
were made to the observed Raman peaks and are summarised in Table 7.2. Studies have shown that
applying an empirical scaling factor to the calculated wavenumbers (generally done by scaling the
calculated spectrum until it aligns with known modes from the experimental Raman spectrum) leads
to a better correspondence between calculated and experimentally-measured vibrational frequencies
(or, in this case, Raman shifts) [11]. Using DFT methods, while a comparison of the absolute values of
wavenumber or mode intensity with experimental values can be inaccurate, often the relative values
of different vibrational modes within a DFT-calculated spectrum corresponds very well with the
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Figure 7.2: Comparison between the (a) simulated Raman spectrum and (b) ex-
perimentally measured Raman spectrum of T8TBT-zero
relative positions of Raman modes in experimental data. For example, in Table 7.2 the main Raman
peak positions are compared with the scaled DFT-calculated wavenumbers using the B3LYP/6-31G
recommended scaling factor of 0.96 taken from Reference [11]. Mode assignments are based on the
observation of the calculated atomic displacements from each vibrational frequency, two of which
are illustrated ion Figure 7.3.
Vibrational Mode DFT (cm−1) DFT-Scaled (cm−1) Raman (cm−1)
Thiophene ring C=C stretch 1513 1452 1444
BT ring C-C stretch 1618 1553 1531
TFB ring C-C stretch 1695 1627 1599
Table 7.2: Comparison between experimentally measured and DFT-calculated
vibrational modes of T8TBT-zero. Raman spectra were taken from T8TBT-zero
film under 785 nm excitation. DFT-calculated wavenumbers have been empirically
scaled by 0.96, as recommended for B3LYP/6-31G calculations [11]. Raman mode
assignments are made accoring to the atomic displacements (Figure 7.3)
To verify the accuracy of the vibrational mode assignments, the Raman peaks were also compared to
values determined from previous studies of related materials (such as polythiophene [12, 13] or poly-
mers containing BT or PFB/TFB units [14, 15]). From the calculations, the most prominent Raman
peak at 1444 cm−1 is assigned to the thiophene ring C=C symmetric stretch mode (calculated at
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(a) Thiophene C=C stretch (b) BT C=C stretch 
 
Figure 7.3: Snapshots of the vibrations for the thiophene and BT ring C=C
stretch modes. The atomic displacements are represented using blue arrows, where
the length of the arrow is proportional to the amplitude of the vibration
1513 cm−1) and is supported by measurements from Klimov (1442 cm−1) and Schultz (1450 cm−1).
The second strongest peak at 1531 cm−1 is assigned to the BT ring C=C stretch mode (calculated
at 1553 cm−1) which matches the conclusions from Kim (1546 cm−1) and Stevenson (1548 cm−1).
Corroboration is obtained from the other calculated peaks, such as the phenylene ring C-C stretch
mode measured at 1599 cm−1 and supported by Kim (1602 cm−1) indicating that the calculation is
able to qualitatively reproduce and interpret the experimentally-obtained Raman peaks.
To explore the hexyl-substituted molecules, computation cost becomes an issue. Typically, DFT
calculation time scales as O (Nm) where N is the number of atoms and m depends on the DFT
method. For this reason, in exploring the vibrational properties of a section of the molecule, it can be
beneficial to truncate the static (non-changing) components of the molecule. The important caveat is
that the abbreviation of molecular components does not detrimentally disrupt the vibrational features
under investigation. Since hexyl side-chains are placed only on the thiophene units (that is to say,
the TBT portion of the molecule), TBT-zero molecules (removing the T8 portion) were constructed
and compared using calculated vibrational properties to the T8TBT-zero monomer (Figure 7.4).
The main features of the simulated Raman spectra (the thiophene and BT ring C-C stretch modes
shown in Figure 7.2 (a)) are preserved and are not dramatically attenuated by the T8 omission. A
full molecular series using TBT-zero, TBT-out and TBT-in is therefore constructed to evaluate the
structural and vibrational effects of side-chain placement and position on the molecular backbone.
0
0.2
0.4
0.6
0.8
1
1.2
1350 1400 1450 1500 1550 1600 1650 1700 1750
T8TBT
TBT-zero
N
o
rm
a
lis
e
d
 R
a
m
a
n
 A
c
ti
v
it
y
 (
a
. 
u
.)
Wavenumber (/cm)
TBT-zero 
T T 
BT 
BT 
Figure 7.4: Comparison between simulated Raman spectra of T8TBT and the
truncated TBT-zero. Thiophene and BT modes are clearly distinguishable in both
molecules. The extra modes are due to vibrations at the ends of the molecules
and are ignored
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Geometry Calculation
Geometrical optimisations are performed on the three monomers. Figure 7.5 shows the resulting
B3LYP/6-31G optimised structures.
~9° 
~10° 
~48° 
(a) 
(b) 
(c) 
Figure 7.5: Optimised geometries of TBT-zero, TBT-out and TBT-in. Dihedral
angles formed between adjacent T and BT units are indicated in the figure
In the absence of side-chains, a ∼9° dihedral angle exists between the thiophene unit and BT unit
planes. Adding hexyl side-chains to the -out position induces a small extra torsion between the units,
increasing the dihedral angle to ∼10°. Placing the hexyl side-chains on the -in position, however,
results in a greatly increased dihedral angle of ∼48°. This behaviour can be explained in terms of
the steric effects felt between the opposing side-groups and the BT unit. It is worth noting that
hydrogen atoms at the base of the side-chains come in to close proximity with those from the BT
unit, and electrostatic forces would work to maximise the distance between them. To counteract
this sterically-induced twisting, the delocalised pi-orbitals would tend to stabilise and planarise the
backbone. The equilibrium between these two effects result in a dihedral angle being larger than the
-zero or -out structures due to the extra steric contributions.
7.1.3 Raman Simulation
Vibrational frequency calculations were performed on the optimised structures from Figure 7.5 using
Gaussian09 (see Appendix C for further details). Raman Activities were calculated for the molecules
and the resulting simulated Raman spectra of TBT-zero, TBT-out and TBT-in (normalised to the
thiophene peak) are shown in Figure 7.6. Vibrational mode assignments are indicated on the figure.
The simulated Raman spectra indicate (1) a progressive shift of the thiophene vibrational frequency
to higher energies and (2) an enhancement in the relative intensities of the BT/T modes from
TBT-zero to TBT-out to TBT-in. These changes are highlighted in Figure 7.7.
The hardening of the thiophene peak could be explained by the increase in torsion angle (see Sec-
tion 7.2 for a detailed discussion), however due to the alteration of the local thiophene C=C bond
environment (namely the substitution of C-H bonds with C-hexyl groups), it is difficult to provide a
clear and unambiguous interpretation of these results based on the current evidence alone.
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Figure 7.6: Simulated Raman spectra for the DFT-optimised TBT-zero, TBT-out
and TBT-in molecules
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Figure 7.7: (a) Analysis of thiophene peak shift and BT mode intensity (rela-
tive to thiophene) for the three calculated monomers; (b) Relationship between
thiophene peak shift and the calculated intensity ratio, I(BT)/I(T)
A reduction in oscillator strength for the BT C-H bending mode (Figure 7.8 (a)) and a shift in the
BT ring C=C stretch mode to higher energy (Figure 7.8 (b)) is also modelled for the molecule series.
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Figure 7.8: (a) Analysis of the BT C-H stretching mode (relative to the thiophene
peak) and (b) peak shift of the BT ring C-C stretch mode upon substitution and
positioning of the hexyl side-chains
Simulated Raman spectra for TBT-zero, TBT-out and TBT-in are next compared to thin film Raman
spectra of T8TBT-zero, T8TBT-out and T8TBT-in polymers taken under 785 nm excitation (Fig-
ure 7.9). The behaviour of the thiophene and BT modes show remarkable similarities between the
calculated and experimental spectra, despite the fact that the calculations were performed on TBT
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monomers in the virtual gas phase. The intensity of the BT mode relative to the thiophene peak
increases in both systems for the molecule series. Careful examination of the experimental spectra
indicates a slight shift of the thiophene peak to higher wavenumbers from T8TBT-zero to T8TBT-
out to T8TBT-in which, though masked by spectral noise and peak broadening, is still discernible.
Since the trend in the Raman modes is preserved in the experimental spectra, this suggests that the
effect of side-chains on the conformational and vibrational properties of the polymer in thin films is
strong.
(a) (b) 
Figure 7.9: Comparison between (a) experimental and (b) simulated Raman
spectra for TBT-zero, TBT-out and TBT-in. Spectra are normalised to the thio-
phene peak. A relative increase in the BT mode intensity, along with a shift in
the thiophene peak to higher wavenumbers is observed
As previously discussed, it is difficult to deconvolve the effects of induced torsion angle and side-chain
substitution on the properties of the Raman peaks, therefore it would be beneficial to decouple these
structural changes, for example by studying the torsional properties of the TBT molecules in the
absence of hexyl chains.
7.1.4 Torsion Angle Study
In an effort to decouple the effects of (a) induced torsion along the backbone and (b) perturbation
to the molecular vibrations due to side-chain substitution on the simulated Raman spectra, the
vibrational properties of TBT-zero as a function of torsion angle is explored. One such method
is to constrain the torsion angle to a range of specified values using the frozen angle technique,
where specific dihedral angles are frozen at chosen values while the rest of the molecule is allowed
to relax. This was employed by Schmidke et al. [16] to explain the effect of applied pressure on the
structural and vibrational properties (evaluated using Raman spectroscopy) of F8BT. By exploring
the relationship between torsion angle and simulated Raman spectra of an F8-BT-F8 molecule, they
concluded that the application of pressure increased the planarity of the molecules, which could be
observed spectroscopically as an increase in the BT Raman mode intensity relative to the F8 peak.
To illustrate this effect, torsion-angle dependent Raman spectra for the F8-BT-F8 system is repro-
duced and shown in Figure 7.10. The method involves freezing the dihedral angles between F8-BT
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and BT-F8 so that both the F8 units define a plane, out of which the BT unit is rotated (in this
case with a step size of 10°). The geometries of the molecules are relaxed around these torsional
constraints before calculating the Raman spectra. A summary of the changes to the BT/F8 relative
peak intensities and BT peak position is shown in Table 7.3.
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Figure 7.10: (a) Reproduction of the calculated torsion-angle dependent Raman
spectra for the F8-BT-F8 molecules (studied in Reference [16]); (b) Plot of the
BT/T intensity ratio (red circles) and BT Raman shift (black triangles) as a
function of torsion angle. Using the optimised torsion angle of 34° as a reference,
increasing the planarity of the molecule enhances the relative BT Raman intensity,
as well as causing a shift in BT peak position to lower wavenumbers
Torsion Angle I(BT)/I(F8) BT Raman Shift (cm−1)
0° 2.53 1573
10° 2.54 1574
20° 2.47 1575
30° 2.24 1579
34° 2.13 1581
Table 7.3: Summary of the changes in F8-BT-F8 simulated Raman spectra as a
function of torsion angle, initially demonstrated in Reference [16]
By considering the optimised torsion angle of 34° as a reference, decreasing the torsion angle leads
to an increase in the electronic coupling between the BT unit and the F8 plane, which results in
the relative increase of the BT mode intensity. A similar procedure is next employed to the T-BT-T
system. With the thiophene units defining the plane of the molecule in this case, the BT unit is
rotated out of the plane in 10° increments. A structural relaxation is performed around the frozen
dihedral angles before calculating the constrained Raman spectra, which are shown in Figure 7.11.
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Figure 7.11: (a) Torsion-angle dependence of simulated Raman spectra for T-
BT-T; (b) Plot of the BT/T intensity ratio (red circles) and BT Raman shift
(black triangles) as a function of torsion angle. Increasing the torsion angle causes
a relative reduction in the BT mode intensity, along with a shift in BT peak
position to higher wavenumbers. The trend is similar to that observed in F8-BT-
F8 (Figure 7.10)
This time, using the thiophene Raman mode as a reference, the relative intensity of the BT mode
as a function of torsion angle is calculated. A small reduction of the relative BT mode intensity is
observed; a trend similar to that of F8-BT-F8. The magnitude of the reduction, however, is less
than for F8-BT-F8. From 0° to 30°, the BT/T ratio is reduced by ∼2% while the BT/F8 ratio is
reduced by ∼11%. This suggests that there is a weaker electronic coupling between the BT unit
and its neighbouring units in T-BT-T compared to F8-BT-F8. A small amount of hardening of the
BT mode is also observed (1571 to 1572.8 cm−1 compared to 1573 to 1579 cm−1 in F8-BT-F8). A
summary of the torsional behaviour of the BT mode is shown in Table 7.4.
Torsion Angle I(BT)/I(T) BT Raman Shift (cm−1)
0° 0.895 1571.0
10° 0.890 1571.4
20° 0.886 1572.0
30° 0.875 1572.8
40° 0.826 1573.2
Table 7.4: Summary of the change in BT/T relative intensity and peak position
as a function of torsion angle
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7.1.5 Interpretation of Experimental Data
With a fuller understanding of the behaviour of torsion angle on the BT/T relative Raman intensities,
the simulated Raman spectra of TBT-zero, TBT-out and TBT-in are re-evaluated (Figure 7.12) and
compared to the experimental data in order to understand the effect of side chains on the backbone
conformation.
Figure 7.12: Comparison of BT/T intensity ratios between simulated and experi-
mental results. By considering T-BT-T torsion only, a small reduction is observed
in the BT/T ratio with increased torsion angle. With the side-chain substitution,
while an increase in the torsion angle is calculated along the series TBT-zero, TBT-
out and TBT-in, the BT/T ratio increases, in a similar trend to the experimental
data
It is clear that the experimental trend in BT/T is not due to torsion angle. In fact, the trend in the
molecules with side-chains is opposite that which would be expected from torsion-induced T-BT-T
coupling attenuation alone. For example, for the TBT-in molecule, the observed increase in torsion
of 39° (relative to the TBT-zero dihedral angle) would presumably lead to a reduction in BT/T
instead of the observed increase. A far stronger effect on the simulated Raman intensity appears to
be the replacement of the C-H bond with a C-C bond in the hexyl substitution which, as well as
inducing extra torsion, dampens the thiophene ring C=C vibrational mode, causing an increase in the
BT/T intensity. This can be understood by considering that the Raman intensity is related to the
square of the vibrational amplitude, which itself is inversely proportional to the reduced mass of the
vibrational mode. To a first order approximation, replacing the hydrogen atom with a carbon atom
in the vicinity of the thiophene C=C vibration would increase the reduced mass of the oscillation and
decrease the observed Raman intensity.
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7.1.6 Optical Properties
The optical properties of these molecules have been explored in Reference [7] using experimental and
theoretical techniques, and it is pertinent to include them here as a comparison to these DFT results.
Figure 7.13 shows the thin-film UV-visible absorption and photoluminescence spectra for the series
of polymers investigated in this study. Systematic blue-shifts are observed in the optical absorption
and photoluminescence spectra from T8TBT-zero to T8TBT-out to T8TBT-in. These are corre-
lated well with the excited state INDO calculations using semi-empirical AM1-optimised geometries.
AM1-calculated torsion angles show good qualitative agreement with the DFT-calculated values (Ta-
ble 7.5). From the INDO calculations, the low-energy optical absorption band is attributed to an
intra-chain transition with charge-transfer character, which is reduced in intensity and wavelength as
the hexyl side-chains induce a torsion in the backbone.
(a) 
(b) 
Figure 7.13: UV-visible absorption (solid lines) and photoluminescence (dashed
lines) spectra of T8BT-zero, T8TBT-out and T8TBT-in thin films measured in
Reference [7]. The INDO-calculated absorption spectra are used to characterise
the excited state properties of the optical transitions
Molecule B3LYP/6-31G AM1
TBT-zero 9° 9°
TBT-out 10° 12°
TBT-in 48° 40°
Table 7.5: Summary of T-BT-T dihedral angles calculated using DFT and AM1
methods (AM1 values taken from Reference [7])
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7.1.7 Summary
Using DFT calculations, the effect of side-chain placement and positioning on the conformation and
opto-electronic properties of a T8TBT polymer was investigated. Vibrational frequency calculations
performed on the TBT-zero, TBT-out and TBT-in series of molecules were able to successfully
reproduce the features and trends seen in the experimental Raman data, namely the enhancement
of the BT/T relative Raman mode intensity and a shift in thiophene peak position. Optimised
geometries of TBT-zero, TBT-out and TBT-in molecules revealed that the hexyl chains induced a
torsion between the donor and acceptor units, increasing from ∼9° (TBT-zero) to ∼10° (TBT-out)
to ∼48° (TBT-in).
Further calculations were performed to decouple the effects of (1) torsion angle and (2) C-H→C-C
bond substitution in the thiophene unit on the observed changes in relative BT mode intensity. This
was achieved by calculating the constrained Raman spectra for a series of TBT-zero molecules with
systematically increasing T-BT-T torsion angle. It was deduced that the C-H→C-C bond substitution
dampened the thiophene mode intensity, thus leading to an enhanced BT mode intensity (relative
to the thiophene mode) in the hexyl-substituted molecules.
Side-chain-induced torsional changes between the donor and acceptor units, supported by the vi-
brational characterisation and molecular orbital distributions of the ground and excited states, were
used to explain the opto-electronic properties of T8TBT-zero, T8TBT-out and T8TBT-in thin films
(measured elsewhere [7] using UV-visible absorption spectroscopy). They observed a blue-shift and
reduction in optical oscillator strength for the low-energy absorption peak, characterised by a donor-
acceptor charge transfer excitation. The blue-shift and reduced absorbance is attributed to the
increase in torsion induced by the side-chains, a result supported by semi-empirical calculations [7]
and previous reports on conjugated polymers [17–20].
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7.2 Effect of P3HT:PCBM Blending on Polymer Order
7.2.1 Motivation
As illustrated in the previous section, molecular order, in terms of backbone conformation, can play
a key role in determining the opto-electronic properties of organic semiconductors. Another example
of how side-chains can be used to improve backbone planarity is the ordered structure of regio-
regular (RR) P3HT which, in contrast to disordered regio-random (RRa) P3HT, results in enhanced
absorption of light (due to the increased conjugation along the backbone) and an improvement in
charge carrier mobilities in thin films [5], leading to higher power conversion efficiencies (PCE) when
blended with PCBM in organic photovoltaic (OPV) devices [21]. Understanding molecular order is
therefore critical in clarifying the structure-property relationships in organic semiconductor devices.
While a number of techniques are available to probe the molecular order in conjugated polymers,
DFT calculations combined with measurements from Raman spectroscopy can provide a powerful and
versatile platform to study molecular morphology [16, 22, 23]. Using DFT methods, the structural
properties of molecules can be systematically investigated, and calculated vibrational properties can
be directly compared to vibrational spectroscopy such as Raman spectroscopy. Raman spectroscopy
is a simple, non-destructive technique that is widely used to probe the vibrational properties of thin
films, and is ideally suited to the investigation of organic semiconductor materials such as P3HT.
In this section the effect of blending RR-P3HT with PCBM on the polythiophene molecular order
and conformation is investigated using the vibrational properties of polythiophene molecules as a
signature of molecular order. Full structure-vibrational properties of P3HT are first determined
using systematic calculations, and the results applied to experimental Raman data to evaluate the
morphological properties of P3HT:PCBM thin films. These are then correlated to device properties
to complete the picture of structure-property-performance relationships of polythiophene:fullerene-
based OPVs.
This work was carried out in collaboration with Dr Wing Chung Tsoi, The Blackett Laboratory,
Imperial College London (who performed the experimental work) and is published in Reference [24].
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7.2.2 P3HT
To explore the properties of molecular order in polythiophene, RR-P3HT and RRa-P3HT are con-
sidered as a model for ordered and disordered P3HT, respectively. Their representative molecular
structures are shown in Figure 7.14, along with that of the acceptor molecule, PCBM.
... ... 
... ... 
(a) RR-P3HT 
(b) RRa-P3HT 
head-to-
head 
tail-to-
tail 
(c) PC61BM 
Figure 7.14: Molecular structures of (a) regio-regular (RR) and (b) regio-random
(RRa) P3HT. The structure of PCBM is also shown (c)
Regio-regularity refers to the position of the alkyl side-chain (in this case, hexyl) on the thiophene
ring. In the ideal case of 100% regio-regularity, the monomers are polymerised in a head-to-tail
configuration (in other words, the inter-unit bond closest to the side-chain (head) is linked to the
neighbouring bond furthest away from its side-chain (tail)). In regio-random polymers, on the other
hand, the inter-unit bond can either be ‘head-to-head’ (hexyl chains facing each other) or ‘tail-to-tail’
(hexyl chains facing away from each other).
Raman Spectroscopy
Initially, to determine the main vibrational modes along the thiophene backbone, a simulated 7-unit
oligothiophene (heptathiophene) molecule is structurally optimised in the virtual gas phase using
the B3LYP method and 6-31G(d) basis set (Figure 7.15 (a)). A vibrational frequency calculation is
performed on the heptathiophene which is combined with calculated Raman activities to generate a
simulated Raman spectrum, shown in Figure 7.15 (b).
The calculated spectrum features three main vibrational modes: (1) a strong peak at 1491 cm−1
that is due to thiophene C=C symmetric stretching vibration, (2) a smaller peak at 1419 cm−1 which
is due to an intra-ring C-C stretching mode and (3) a weak mode at 1561 cm−1 which originates
from the thiophene C=C anti-symmetric stretching vibration. For a direct comparison of DFT-
calculated Raman spectra and experimental Raman spectra, an empirical scaling factor is applied
to the calculated wavenumbers. The DFT-calculated spectrum is compared to an experimentally-
obtained Raman spectrum of RR-P3HT excited under resonant conditions (488 nm laser), using an
empirical scaling factor of 0.96 on the calculated wavenumbers (see Appendix C). The comparison
is shown in Figure 7.16.
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Figure 7.15: (a) Optimised geometry and (b) simulated Raman spectrum of
heptathiophene, calculated using B3LYP/6-31G(d). A magnified spectrum is also
included (dashed line) to visualise the weaker modes
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Figure 7.16: Comparison of the simulated heptathiophene Raman spectrum and
RR-P3HT Raman spectrum collected under a resonant 488 nm excitation. To
illustrate the correspondence between relative peak positions in the simulated and
experimental Raman spectra, the simulated Raman wavenumbers (taken from
Figure 7.15 (b)) are empirically scaled by 0.96 (for further details, see Appendix C)
The vibrational assignment of the main thiophene peak to a C=C symmetric ring stretching mode is
consistent with previous Raman studies of thiophenes [12, 25]. A summary of the main vibrational
modes along with the calculated and measured wavenumbers is shown in Table 7.6.
Vibrational Mode 7thio (DFT) 7thio (Scaled) RR-P3HT (Raman)
C-C intra-ring stretch mode 1419 1380 1379
C=C ring symmetric stretch mode 1491 1450 1450
C=C ring anti-symm. stretch mode 1561 1518 1516
Table 7.6: Summary of the main vibrational modes (in units of cm−1) with the
DFT-calculated heptathiophene (7thio) and experimentally-measured RR-P3HT
wavenumbers
Finally, to illustrate the vibrational nature of these modes, the atomic displacements from the C=C
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symmetric stretch and C-C intra-ring stretch modes are shown in Figure 7.17, with the length of the
blue arrows representing relative atomic displacements and are magnified for clarity.
(a) C=C stretch 
(b) C-C intra-ring stretch 
Figure 7.17: Atomic displacements of the (a) C=C ring symmetric stretch and
(b) C-C intra-ring stretch modes of heptathiophene calculated using DFT. The
blue arrows indicate atomic displacements and have been magnified for clarity
By identifying the experimentally-obtained Raman peaks using the simulated Raman spectra the
changes in vibrational properties of P3HT, monitored using Raman spectroscopy, can be evaluated
and correlated with DFT-calculated structural properties, such as changes in conformation.
Using the simulated Raman spectra as a signature of molecular conformation, a systematic study
on the structure-property relationships in RR-P3HT is performed. From this initial comparison with
the RR-P3HT Raman spectrum, oligothiophenes are used as a simple but effective model in the
following calculations. The main difference between the physical polymers and simulated molecules
are (1) substitution of hexyl side-chains with hydrogen atoms and (2) reduction in chain length
to <10 units. This is justified for the following reasons: (1) as opposed to RRa-P3HT, the long
flexible side-chains along the backbone of RR-P3HT do not interact with each other to significantly
affect the backbone opto-electronic properties [26, 27] but add greatly to the computation cost and
(2) under resonant conditions, molecular vibrations are enhanced by the conjugated segments which
are usually extended over a limited number of units, since in thin films RR-P3HT tends to coil or
fold in a lamellar packing structure [28]; therefore using a smaller oligomer as a simplified ‘polymer’
model does not diverge too greatly from the physical polymer system. In addition, the simulated
Raman spectrum from heptathiophene is comparable to the RR-P3HT spectrum, validating to a
certain extent the simplifications used in the model.
In exploring the structure-property relationships of P3HT, two parameters are systematically altered:
(1) oligomer length and (2) inter-unit torsion (or backbone twisting). A detailed analysis of the
structural and vibrational properties of these molecules is performed.
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7.2.3 Oligomer Length Study
Optimised Geometries
The geometries of a series of oligothiophenes with 3-7 unit length are optimised using the B3LYP/6-
31G(d) method and are shown in Figure 7.18.
Bond # 
trimer 
tetramer 
pentamer 
hexamer 
heptamer 
1 2 3 6 … 
Figure 7.18: Optimised geometries of RR-P3HT with 3-7 unit length
Inter-unit bond lengths and dihedral angles were extracted from the optimised structures, and graph-
ically displayed in Figures 7.19 and 7.20, respectively.
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Figure 7.19: (a) Graph of inter-ring bond lengths as a function of oligomer length;
(b) Trend in minimum inter-unit bond length with oligomer size. The minimum
bond length decreases as the oligomer size increases
In these oligomers, it is clear that the bonds at the periphery of the oligomers are longer and more
twisted than those at the centre of the molecule. This ‘end effect’ can be understood in terms of
the strong pi-orbital conjugation towards the centre of the molecule conferring stability and a more
planar, quinoidal-like structure with shorter inter-unit bond lengths. In contrast, the bonds at the
edges resemble the less-conjugated, smaller oligomers and as a result become more twisted. In fact,
with oligomers greater than the trimer, the first and last bond characteristics (for example, bond
#1), in terms of length and dihedral angle, are almost identical regardless of oligomer size.
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Figure 7.20: (a) Graph of inter-ring dihedral angles as a function of oligomer
length; (b) Trend in minimum dihedral angle with oligomer size, which decreases
with increasing oligomer size. Note that the molecules are more planar in the
centre due to the increased conjugation relative to the edges
The trend of shortest bond length (Figure 7.19 (b)) or smallest dihedral angle (Figure 7.20 (b)) as a
function of oligomer length reveals an asymptotically reducing value as the oligomer becomes longer.
The structural differences between successive oligomers become increasingly insignificant the longer
the oligomer becomes, which indicates that the series from trimer to heptamer adequately demon-
strates the range of structural properties for oligothiophene. Calculating the structural properties of,
say, a 20-unit oligothiophene would, while taking orders of magnitude longer to execute, contribute
little added value to this present study. A summary of the DFT-calculated inter-unit bond lengths
and dihedral angles is shown in Table 7.7.
Bond Number 3T 4T 5T 6T 7T
1 1.44766 1.44694 1.44677 1.44672 1.44675
2 1.44767 1.44352 1.44268 1.44245 1.4424
3 1.44694 1.44268 1.44178 1.44154
4 1.44677 1.44245 1.44154
5 1.44672 1.4424
6 1.44675
Bond Number 3T 4T 5T 6T 7T
1 17.64474 16.58363 16.51239 16.34373 16.59784
2 17.82245 14.04838 12.65731 12.69537 12.51914
3 16.58119 12.78762 11.07947 11.07648
4 16.47325 12.69538 11.0758
5 16.34434 12.56808
6 16.5706
Table 7.7: (Above) Summary of inter-unit bond lengths for oligothiophene in-
creasing in length from 3 to 7 units; (Below) Summary of dihedral angles for the
same bonds. The bond numbering scheme is shown in Figure 7.18
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HOMO-LUMO Energy Levels
Using these optimised oligomer geometries, HOMO-LUMO energies are calculated to compare the
effect of oligomer length on their electronic properties. While a direct comparison between DFT-
calculated HOMO-LUMO levels can be problematic and does not take into account effects such as
structural relaxation in excited molecules, the trends between a series of DFT-calculated molecules
can provide vital information on the material system. The trend shown in Figure 7.21 reveals a
decrease in the band gap with increasing oligomer length due to the simultaneous lowering of the
LUMO level (promoting better stability) and raising of the HOMO level (due to the added electrons
to the conjugated pi-orbitals). Using the analogy of a 1-D quantum potential well, the energy of the
system is inversely proportional to the well length. This simple analogy explains quite satisfactorily
the asymptotic relationship between HOMO-LUMO band gap and oligomer length.
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Figure 7.21: Calculated HOMO-LUMO energy levels as a function of oligomer
length. The HOMO-LUMO band gap is also shown for comparison
HOMO-LUMO Isosurfaces
The delocalisation of the HOMO and LUMO is represented by mapping the isosurfaces in real space
(Figure 7.22). In these idealised oligomers, the HOMO and LUMO are fully delocalised along the
oligomer backbone, with the conjugation length naturally increasing with increasing oligomer length.
In real polymers, twists in the backbone would decrease the conjugation into smaller segments.
Simulated Raman Spectra
The vibrational signatures of systematically-varying conjugation length are generated by calculating
the simulated Raman spectra for the oligomer series (shown in Figure 7.23). The strong thiophene
ring C=C stretch mode is observed in all oligomers. As the oligomer length increases, the C=C
mode increases in intensity and shifts to lower wavenumbers (from 1512.8 to 1490.6 cm−1 going
from 3 to 7 units). The behaviour of the C-C mode intensity relative to the main thiophene peak
intensity, i.e. I(C-C)/I(C=C), is shown in Figure 7.23 (b). This mode increases in relative intensity
from ∼0.007 to ∼0.02 as the oligomer length is increased from 3 to 7 units, and shifts to slightly
higher wavenumbers. A summary of the calculated parameters is included in Table 7.8.
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LUMO HOMO 
Figure 7.22: Calculated HOMO-LUMO isosurfaces as a function of oligomer size
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Figure 7.23: Simulated Raman spectra of a series of oligothiophenes ranging
from 3 to 7 units length, showing (a) the increase in the absolute value of C=C
mode intensity and (b) the increase in C-C mode intensity relative to C=C
No. of Units C=C Peak Position cm−1 I(C-C)/I(C=C)
3 1512.8 0.0067
4 1507.3 0.0086
5 1499.7 0.0143
6 1494.4 0.0160
7 1490.6 0.0211
Table 7.8: Summary of the shifts in C=C mode peak position and changes in
I(C-C)/I(C=C) ratio as function of oligomer length
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The trends in C=C mode peak position and I(C-C)/I(C=C) as a function of oligomer length (con-
jugation length) are summarised in Figure 7.24. These structure-vibrational relationships could be
applied to experimental data to gain an understanding of the change in conjugation length in thin
films (under different processing conditions, for example), however to more fully characterise the
conformational-vibrational relationships in polythiophenes, a torsion angle study is conducted next.
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Figure 7.24: Structure-property relationships of oligothiophene, showing a de-
crease in C=C vibrational frequency (black) and an increase in the I(C-C)/I(C=C)
ratio (red) with increasing oligomer (conjugation) length
7.2.4 Torsion Angle Study
As an alternative investigation of the structure-property relationships of P3HT, the torsional depen-
dence of the inter-unit bond on the vibrational properties of oligothiophene is explored. Using the
heptamer, a torsion angle of 0° to 40° in 10° steps is applied to all inter-unit bonds to simulate a
consistent torsion effect along the backbone. Related studies have been performed [18, 29, 30] on
the effect of backbone twisting on oligothiophene properties, however in this work two conformations
were explored, namely the ‘alternating’ and ‘helical’ structures (Figure 7.25) which produced two sets
of structural, electronic and vibrational data. After freezing the torsion angle, the remaining struc-
tural parameters are relaxed by performing a geometrical optimisation. The frozen-angle technique
is employed here as a simple model for the effect of intermolecular interactions and steric effects that
would externally induce torsion on the polymer backbone in the solid state.
 
θ 
 
θ 
“Alternating” 
“Helical” 
Figure 7.25: Illustration of the ‘alternating’ and ‘helical’ twisting conformations
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Optimised Geometries
The geometrically-optimised structures of helical heptamers with torsion angle varying from 0° to
40° is shown in Figure 7.26 (representing an end-to-end twisting of 0° to 240°).
0° 
10° 
20° 
30° 
40° 
1 2 3 4 5 6 
Figure 7.26: Optimised geometries of heptathiophene with increasing torsion
angles in a helical conformation
Although the dihedral angles are frozen, other structural parameters are allowed to relax, including
the inter-unit bond lengths which are displayed in Figure 7.27 (a) for both alternating and helical
conformations.
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Figure 7.27: (a) Graph of inter-unit bond lengths as a function of torsion an-
gle for helical (H) and alternating (A) conformations; (b) A comparison of the
characteristic minimum bond lengths of the twisted structures. The alternating
conformation shows marginally smaller torsion-induced changes in bond lengths
compared to the helical structures
In a similar trend that was revealed with increasing oligomer length, the extra applied torsion induces
changes in the inter-unit bond lengths. In general, the inter-unit bond length is increased as the
applied torsion angle is increased. In contrast, the planar conformation promotes stronger conjugation
and stability along the backbone resulting in a molecule with a more quinoid-like structure (inter-
unit C-C bonds exhibiting a more double-bond character). Comparing the alternating and helical
conformations, (Figure 7.27 (b)), the former structure manifests shorter inter-chain bond lengths.
The divergence between the bond lengths increases with larger applied torsion.
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Along the length of a single oligomer, a similar behaviour in inter-unit C-C bond lengths is seen
as with the oligomer length series, with shorter inter-unit bond lengths towards the centre of the
molecule and longer bond lengths at the edges of the molecule. It is interesting to note that this trend
exists even though all the torsion angles are artificially frozen at the same values in each oligomer.
This is because the bond lengths are determined not by torsion angle, but rather by the conjugation
along the backbone, which is stronger towards the centre of the molecule and weaker at the edges
(end effect). A summary of the bond lengths are included in Table 7.9.
Bond Number 0° 10° 20° 30° 40°
1 1.4459 1.44626 1.44729 1.4491 1.4517
2 1.44145 1.442 1.44358 1.44604 1.44933
3 1.44072 1.44132 1.44301 1.44561 1.44901
4 1.44072 1.44132 1.44302 1.44561 1.44902
5 1.44145 1.442 1.44359 1.44602 1.44932
6 1.4459 1.44626 1.4473 1.44907 1.45168
Bond Number 0° 10° 20° 30° 40°
1 1.4459 1.44639 1.44767 1.44964 1.45228
2 1.44145 1.44223 1.44425 1.4471 1.45053
3 1.44072 1.44155 1.44372 1.44676 1.45037
4 1.44072 1.44156 1.44373 1.44676 1.45037
5 1.44145 1.44223 1.44425 1.4471 1.45053
6 1.4459 1.44639 1.44768 1.44964 1.45227
Table 7.9: Summary of inter-unit C-C bond lengths as a function of applied
torsion angle, from 0° to 40°, for both the alternating (above) and helical (below)
conformations
HOMO-LUMO Energy Levels
Increasing the torsion angle in the molecule has the opposite effect to increasing the oligomer length
on the HOMO-LUMO energy levels (Figure 7.28). The more twisted structures exhibit a larger band
gap caused by the raising of the LUMO level and lowering of the HOMO level. Twisted structures
would exhibit blue-shifted absorption properties relative to the more planar conformation.
Figure 7.29 shows the distribution of HOMO and LUMO isosurfaces calculated from the helical
torsion angle series shown in Figure 7.26. Apart from the rotation of the orbitals, following the
helical plane of the backbone, no significant changes in delocalisation along the length of backbone
are observed. Referring to the HOMO/LUMO energy levels in Figure 7.28, the observed increase
in band gap with increasing torsion would seem to indicate a torsion-induced confinement in the
delocalised pi-orbitals, analogous to the in-plane confinement that results in a similar widening of the
band gap in the oligomer length series.
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Figure 7.28: Calculated HOMO-LUMO energy levels as a function of torsion
angle for the alternating and helical conformations. With increasing applied tor-
sion, the alternating structure shows a relatively lower band gap than the helical
conformation, indicating a more stable backbone structure
LUMO HOMO 
Figure 7.29: Calculated HOMO-LUMO isosurfaces as a function of torsion angle
for the helical conformation. No noticeable changes in the in-plane distribution of
the frontier orbitals are observed
Simulated Raman Spectra
Simulated Raman spectra for the torsion angle series of both alternating and helical conformers are
shown in Figure 7.30. (a) & (b) display the behaviour of the C=C modes, while in (b) & (d) the
spectra have been normalised to the C=C mode so that the relative behaviour of the C-C mode is
displayed.
Both conformers exhibit comparable trends in the simulated Raman spectra, namely the (1) shift to
higher wavenumbers and reduction in intensity of the C=C mode and (2) decrease in I(C-C)/I(C=C)
relative mode intensity with increasing torsion angle (Figure 7.31 and Table 7.10).
Comparing the Raman signatures of alternating and helical conformations, both show similar C=C
peak-shift behaviours. There is a slight difference in the magnitude of I(C-C)/I(C=C) changes, but it
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Figure 7.30: Simulated Raman spectra of oligothiophene as a function of tor-
sion angle, showing (a,c) changes in C=C mode intensity and peak position and
(b,d) changes in the normalised C-C mode intensity. Both the alternating (a,b) and
helical (c,d) conformations are explored
is uncertain whether these differences could be detected and used practically to distinguish between
helical and alternating conformations in thin films.
Torsion Angle
C=C Peak C=C Peak I(C-C)/I(C=C) I(C-C)/I(C=C)
(Alt.) (cm−1) (Hel.) (cm−1) (Alt.) (Hel.)
0° 1485.2 1485.3 0.024 0.024
10° 1489.0 1489.3 0.022 0.020
20° 1497.4 1498.5 0.021 0.017
30° 1511.3 1513.1 0.018 0.011
40° 1520.0 1522.4 0.014 0.008
Table 7.10: Summary of the shifts in C=C mode peak position and changes in the
normalised C-C mode intensity as a function of applied torsion angle. Alternating
(Alt) and Helical (Hel) structures are indicated in the table
The trends in C=C peak position and I(C-C)/I(C=C) ratios are consistent with the structure-property
relationships elaborated from the oligomer length study, with the shift to higher wavenumbers of the
C=C stretch mode and decrease in the I(C-C)/I(C=C) mode ratio being attributed to a decrease in
the delocalisation of the pi-orbitals and a disruption to the backbone planarity.
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Figure 7.31: Structure-property relationships of twisted oligothiophene, showing
an increase in C=C mode Raman shift (black) and a decrease in the I(C-C)/I(C=C)
ratio (red) with increasing torsion angle
7.2.5 Interpretation of Experimental Data
In this final part, the structure-property relationships deduced using DFT studies (namely chain
length / conformation compared to vibrational spectroscopy) are applied to experimental Raman
spectra obtained from various P3HT polymer systems (from Reference [24]).
RR-P3HT vs. RRa-P3HT
As a model for ordered and disordered P3HT, films of regio-regular and regio-random P3HT are
probed using Raman spectroscopy under 488 nm excitation. In this spectral range, the absorption
of the two materials is comparable, and therefore both materials show similar Raman scattering
intensities. The normalised Raman spectra of RR-P3HT and RRa-P3HT thin films, focussing on the
C=C and C-C modes, are shown in Figure 7.32.
Figure 7.32: Raman spectra of RR-P3HT and RRa-P3HT thin films taken under
488 nm excitation (from Reference [24])
A clear difference in Raman C=C mode peak positions is observed between the two materials, with
153
the RR-P3HT peak (1449 cm−1) being shifted 21 cm−1 to a lower wavenumber compared to RRa-
P3HT (1470 cm−1). From the simulation results, this shift indicates that RR-P3HT exhibits a more
ordered, planar structure with enhanced conjugation along the backbone relative to RRa-P3HT, which
would exhibit a relatively more twisted backbone with shorter overall effective conjugation length.
The trend in I(C-C)/I(C=C) ratio is also consistent with this picture, with RR-P3HT (0.14±0.01)
being larger than RRa-P3HT (0.09±0.01), supporting this interpretation of the relative molecular
order between the two polymers.
Effect of Blending with PCBM
Using RR-P3HT as the donor material, the effects of its blend with PCBM, and post-deposition
thermal annealing, on the molecular order of P3HT is now evaluated. Annealing was performed at
140 °C for 30 minutes. The normalised Raman spectra of pristine and annealed RR-P3HT:PCBM
bulk heterojunction films taken under 488 nm excitation are shown in Figure 7.33.
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Figure 7.33: Raman spectra (taken under 488 nm excitation) of RR-
P3HT:PCBM blend films taken from pristine (black) and annealed (red) samples
(from Reference [24])
Compared to neat RR-P3HT, blending with PCBM shifts the C=C mode position from 1449 to
1460 cm−1. While the peak position is not as far shifted as the RRa-P3HT peak (1470 cm−1),
blending does result in a significant shift (11 cm−1) which, from the simulation results, indicates
a reduction in P3HT molecular order due to conformational disorder (twisting and bending of the
polymer backbone). This can be understood in terms of the steric disruption of the smaller PCBM
molecules inducing conformational torsion on the polymer backbone, leading to a reduction in ef-
fective conjugation length. A commensurate reduction in the I(C-C)/I(C=C) ratio (from 0.14±0.01
to 0.12±0.01) reinforces the picture of reduced molecular order upon blending. On the other hand,
annealing results in a shift of the C=C mode back to 1449 cm−1, the original position of the pristine
RR-P3HT film and a recovery of the I(C-C)/I(C=C) ratio to 0.14±0.01. From the simulation study,
this clearly demonstrates an increase in molecular order, in terms of a recovery in backbone planarity
and effective conjugation length of the P3HT in annealed blend films. This promotes a lamellar
packing (planar backbone segments stacking together) between adjacent thiophene backbones and
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encourages strong pi−pi interactions which would result in improved optical absorption and enhanced
charge carrier mobilities.
OPV performance
Measurements of OPV device properties using the RR-/RRa-P3HT:PCBM blend system were per-
formed by W. C. Tsoi to apply and evaluate the structure-property relationships developed from the
combined DFT-Raman studies. A summary of the device parameters is shown in Table 7.11. The
full device fabrication method and characterisation details are included in Reference [24].
Pristine Annealed Pristine Annealed
RRa-P3HT:PCBM RRa-P3HT:PCBM RR-P3HT:PCBM RR-P3HT:PCBM
VOC(V ) 0.64 0.62 0.68 0.6
JSC(mA/cm
2) -0.34 -0.34 -4.79 -8.72
FF 0.39 0.36 0.33 0.64
PCE(%) 0.09 0.08 1.07 3.39
Table 7.11: A summary of the OPV device properties of pristine and annealed
RR-/RRa-P3HT:PCBM blends, taken from Reference [24]
For pristine devices, while RR and RRa show similar open-circuit voltages (VOC), the former exhibits
significantly higher short-circuit current (JSC) (from -0.34 to -4.79 mA/cm
2) which results in an
improved PCE (from 0.09% (RRa) to 1.07% (RR)). This can be explained by considering the higher
molecular order of blended RR-P3HT:PCBM compared to disordered RRa-P3HT, reflected in their
respective C=C peak positions (1460 cm−1 and 1470 cm−1, respectively).
On the other hand, annealed RR-P3HT:PCBM devices show considerably improved JSC (from -4.79
to -8.72 mA/cm2) and PCE (from 1.07% to 3.39%) compared to pristine RR-P3HT:PCBM devices,
which can be attributed to the increase in molecular order and backbone planarity (and hence
stronger intermolecular pi − pi interactions of RR-P3HT) upon thermal annealing, as evidenced by
the shift in the C=C peak from 1460 cm−1 to 1449 cm−1 and the increase in I(C-C)/I(C=C) ratio
(from 0.12±0.01 to 0.14±0.01). In contrast, the RRa devices showed negligible changes in OPV
performance after thermal annealing, attributed to the inherent disordered/twisted conformation of
RRa-P3HT due to the increased steric interactions of the opposing hexyl side-chains.
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7.2.6 Summary
The effect of blending with PCBM on the molecular order of RR-P3HT was investigated using a
combination of DFT calculations and Raman spectroscopy. Increasing conjugation length or improved
backbone planarity resulted in vibrational signatures in the polymer backbone that could be measured
using Raman spectroscopy, namely the shift in the C=C ring stretch mode to lower wavenumbers
and an increase in the relative I(C-C)/I(C=C) mode intensity.
Using these structure-property relationships, molecular order in P3HT films was investigated. A
difference in Raman C=C peak position between RR-P3HT (1449 cm−1) and RRa-P3HT (1470
cm−1) indicated that the former exhibited a more planar backbone conformation and extended pi-
conjugation. Blending RR-P3HT with PCBM resulted in a C=C mode peak shift from 1449 cm−1 to
1460 cm−1 which indicated an increase in molecular disorder induced by the interspersion of PCBM
small molecules between P3HT chains. While the increase in disorder was significant, the C=C mode
did not approach the higher-wavenumber position of the comparatively highly-disordered RRa-P3HT.
Subsequent annealing of the RR-P3HT:PCBM blend film resulted in the recovery of the C=C mode to
1449 cm−1, indicating a significantly improved chain conformation and a more extended conjugation.
Changes in OPV device properties of the RR-P3HT:PCBM system, namely an improvement in JSC
and PCE after thermal annealing, correlated well with the observed changes in molecular order.
These techniques demonstrate how a systematic approach to simulated molecular structure and
vibrational properties can be used to interpret experimental data (in this case, Raman spectroscopy)
and gain insights into the nature of thin-film molecular order/disorder in terms of conjugation length,
backbone twisting and backbone conformation.
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7.3 Effect of Heavy Atom Substitution on Molecular Or-
der
7.3.1 Motivation
In the previous section, the effect of regio-regularity on P3HT conformation and hence OPV per-
formance was studied and developed using insight gained from DFT calculations applied to exper-
imental observations of vibrational spectroscopy techniques. Blending with PCBM was shown to
disrupt molecular order and conjugated backbone planarity, but annealing was shown to recover the
intrinsic molecular order (and hence lamellar packing) of RR-P3HT:PCBM blend systems, which led
to an increase in short-circuit current (JSC) and PCE. As an example of chemical design-led strate-
gies, Heeney et al. have reported [31] the synthesis of P3HT analogues incorporating a heavy atom
substitution of S→Se which was shown to narrow the optical band gap while leaving the HOMO
energy level unaffected. The HOMO level is an important factor for OPV devices because it can
affect the open-circuit voltage (VOC) and hence PCE. A more detailed investigation focussing on the
fundamental effect of S→Se substitution on molecular conformation and order is merited, to gain
a deeper insight into the physical processes governing charge transport in P3HS vs. P3HT OPV
devices and hence inform future research.
In this section, DFT calculations are performed on polyselenophene molecules to study structural
changes compared to polythiophene analogues. These relationships are applied to experimental
measurements of P3HS thin films, including Raman spectroscopy and XRD, with a reference to
OPV performance, in order to better understand the effect of heavy atom substitution on thin film
morphology.
This work was carried out in collaboration with Dr Wing Chung Tsoi, The Blackett Laboratory,
Imperial College London (who performed the experimental work) and is published in Reference [32].
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7.3.2 P3HS
Representative molecular structures of P3HS and P3HT are shown in Figure 7.34. The only difference
in polymers is the substitution of the sulphur atom with the heavier selenium atom from the same
periodic group.
... ... 
(a) P3HT 
... ... 
(b) P3HS 
Figure 7.34: Molecular structure of P3HT and P3HS
Geometry Calculation
Due to the increase in atomic size of selenium, representation of the atomic wavefunction using the 6-
31G(d) basis set becomes increasingly problematic. For the larger atoms, polarisation effects between
the outer orbitals produce experimental properties that increasingly diverge from properties calculated
using simpler basis sets such as 6-31G(d) [33]. To improve the accuracy and relevance of the
calculations on physical systems involving P3HS, the basis set is expanded to the 6-311G(d,p) triple-
zeta split valence basis set with polarisation functions [34]. In addition, to improve the accuracy of the
simulation, methyl side-groups are used (instead of the hydrogen atoms used in the previous section).
Full hexyl side-groups could not be used due to the prohibitive computation cost. The “nosymm”
option was used in the calculation to prevent Gaussian09 from re-orienting the oligomers.
(a) Selenophene 
(b) Thiophene 
Figure 7.35: Optimised geometries of (a) hepta(3-methylselenophene) (7Se) and
(b) hepta(3-methylthiophene) (7T), calculated using the B3LYP DFT method and
the 6-311G(d,p) triple-zeta split valence basis set
To check that the selenium atom substitution does not drastically alter or disrupt the thiophene
vibrational modes, molecules of hepta(3-methylselenophene) (7Se) and hepta(3-methylthiophene)
(7T) are first constructed and geometrically optimised (Figure 7.35).
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Raman Simulation
Simulated Raman spectra from the optimised geometries shown in Figure 7.35 are then generated
and compared to experimental spectra (Figure 7.36 (Top)).
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Figure 7.36: (Top) Simulated Raman spectra of 7Se and 7T; (Bottom) The
relative changes in the simulated spectra are compared with Raman spectra taken
from P3HT and P3HT thin films, using 488 nm excitation (measured by W. C.
Tsoi)
The vibrational features of the simulated spectra are still present in the selenium-substituted molecule,
with the main ring C=C stretch mode shifting to a lower wavenumber from 1495 cm−1 to 1437 cm−1.
The C-C intra-ring vibration is also shifted to a lower wavenumber from 1392 cm−1 to 1379 cm−1.
The shift of the vibrational modes to a lower energy is consistent with the heavier atom substitu-
tion which would be expected to decrease the vibrational mode frequency (in the simple harmonic
oscillator model, the oscillation frequency is inversely propertional to the oscillator mass). The cal-
culated vibrational changes due to selenium atom substitution are verified by a comparison with the
experimental Raman spectra (Figure 7.36 (Bottom)) taken under 488 nm excitation, which show
a comparable general shift in peak positions to lower wavenumbers. A summary of the vibrational
properties of the main Raman modes, along with the changes in vibrational frequencies and Raman
shifts between thiophene and selenophene materials, is included in Table 7.12.
Vibrational Mode 7 Se 7 T Shift P3HS P3HT Shift
C-C intra-ring stretch 1378 1391 -13 1361 1379 -18
C=C ring symm. stretch 1437 1495 -58 1422 1459 -37
Table 7.12: Summary of the changes in vibrational peak positions after selenium
heavy atom substitution. Both the simulated and experimental Raman spectra
are analysed. All values are quoted in cm−1
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Analogous to the DFT studies conducted on P3HT in Section 7.2, a detailed structural and vibrational
comparison between selenophene and thiophene oligomers is now performed, using the improved
calculation procedure motivated by the heavy atom. First, the trend with increasing oligomer length
and torsion angle is contrasted between the two molecular species.
7.3.3 Oligomer Length Study
Optimised Geometries
Calculations on the optimised geometries of the molecular series from tri(3-methylselenophene) to
hepta(3-methylthiophene) using the B3LYP/6-311G(d,p) are performed and compared to their thio-
phene analogues. Optimised structures for the oligoselenophenes are shown in Figure 7.37.
Bond # 
trimer 
tetramer 
pentamer 
hexamer 
heptamer 
1 2 3 … 6 
Figure 7.37: Optimised geometries of methyl-substituted oligoselenophene with
3-7 unit length
A comparison between the inter-unit C-C bond lengths (Figure 7.38 (a) and Table 7.13) reveals
that the selenophenes units are more closely bonded relative to the thiophene units. The trend in
the minimum bond lengths with increasing oligomer (Figure 7.38 (b)) length exhibit an asymptotic
behaviour, with the minimum values for the heptamers being ∼1 pm smaller in 7Se (1.438 A˚)
compared to 7T (1.448 A˚).
Extraction of the inter-unit dihedral angles (Figure 7.39 and Table 7.14) reveals an increase in
backbone planarity upon S→Se substitution, with minimum values decreasing from ∼25° in 7T to
∼13° in 7Se, which is expected based on the reduction in intra-unit C-C bond length. The asymmetric
shapes of the dihedral angle (and bond length) distributions could be a reflection of the asymmetry
introduced by adding the methyl groups to the conjugated rings.
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Figure 7.38: (a) Graph of inter-ring bond lengths as a function of oligomer size,
comparing the effect of S→Se substitution; (b) Trend in the characteristic mini-
mum inter-unit C-C bond lengths. The selenophene monomers are more tightly
bonded
Bond Number me-3Se me-4Se me-5Se me-6Se me-7Se
1 1.45008 1.44859 1.4475 1.44669 1.44662
2 1.45004 1.44415 1.44204 1.4395 1.44027
3 1.44813 1.44221 1.43836 1.43873
4 1.44728 1.44022 1.43947
5 1.44612 1.44163
6 1.44763
Bond Number me-3T me-4T me-5T me-6T me-7T
1 1.45491 1.45335 1.45317 1.45356 1.45295
2 1.4546 1.45026 1.45 1.44975 1.4492
3 1.45326 1.44985 1.44835 1.44816
4 1.45315 1.44919 1.44846
5 1.45319 1.44984
6 1.45368
Table 7.13: Summary of inter-unit C-C bond lengths as a function of oligomer
length, comparing values extracted from (top) oligoselenophene and (bottom)
oligothiophene
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Figure 7.39: (a) Graph of dihedral angles as a function of oligomer size, com-
paring the effect of S→Se substitution; (b) Trend in the characteristic minimum
values for dihedral angles between the monomers. The selenophene monomers are
more planar than their thiophene counterparts
Bond Number me-3Se me-4Se me-5Se me-6Se me-7Se
1 37.0104 34.49751 31.26033 30.41952 29.91328
2 36.68808 23.5456 19.44242 7.58304 15.34421
3 32.87109 20.94523 10.14386 13.12357
4 31.22313 16.59948 15.94283
5 28.27641 19.94115
6 32.74867
Bond Number me-3T me-4T me-5T me-6T me-7T
1 39.07809 36.85512 35.94769 35.9297 34.47082
2 38.17298 31.06773 31.11894 28.87137 27.47102
3 36.94917 30.13762 24.70071 25.20744
4 36.60584 27.25273 26.19083
5 35.5272 28.69365
6 36.43332
Table 7.14: Summary of the extracted inter-unit dihedral angles for oligomers in-
creasing from 3 to 7 units length, comparing (top) oligoselenophene and (bottom)
oligothiophene
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HOMO-LUMO Energy Levels
As mentioned in the introduction, Heeney et al. demonstrated that S→Se substitution resulted in
the narrowing of the band gap [31]. In their study, UV photoelectron spectroscopy was used to
determine that the HOMO level was unaffected by the substitution, with the decrease in band gap
caused primarily by a modification of the LUMO energy. DFT energy calculations are used here
to evaluate the theoretical changes in HOMO-LUMO levels. HOMO-LUMO energy values, and the
change in resulting band gap, are shown in Figure 7.40,
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Figure 7.40: DFT-calculated HOMO-LUMO energy levels as a function of
oligomer length for both selenophene and thiophene. The difference in HOMO-
LUMO levels is also calculated to represent the ground state ‘band gap’ (as op-
posed to the optical or excited state band gap which takes into account relaxation
effects)
As expected from the previous study of oligothiophenes, the band gap decreases with increasing
chain length. A more interesting observation, however, is that the Se atom substitution causes a
∼17% decrease in the band gap from ∼3.0 eV (7T) to ∼2.5 eV (7Se). This decrease is matched
in experimental observations [31] which have reported a ∼16% reduction in band gap from 1.9 eV
in P3HT to 1.6 eV in P3HS. In decoupling the origin of this reduction in band gap it is useful to
examine the HOMO and LUMO distributions.
HOMO-LUMO Isosurfaces
Comparing the HOMO and LUMO distributions (Figure 7.41) it can be seen that the HOMO iso-
surfaces, while being fully delocalised along the backbone, are centred on the C=C bonds in the
selenophene rings. On the other hand, the LUMO is focussed on the (a) intra- and (b) inter-unit
C-C bonds and (c) selenium atoms (similar for the sulphur atoms). From this observation it would be
expected that Se substitution would affect the LUMO level disproportionately more than the HOMO
energy level. This finding is supported by UV photoelectron spectroscopy measurements [31], where
the ionisation potential of P3HS and P3HT were found to be almost identical and the change in band
gap attributed to the stabilisation (lowering) of the LUMO energy level. In terms of frontier orbital
distributions, no significant differences are observed between selenophene and thiophene oligomers.
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LUMO HOMO 
Figure 7.41: Calculated HOMO-LUMO isosurfaces as a function of oligomer
length for methyl-substituted selenophene
Simulated Raman Spectra
Using the optimised geometries in Figure 7.37, vibrational frequency calculations are performed on
the oligomer length series using the same B3LYP/6-311G(d,p) method and basis set. Both C=C
mode positions and C-C peaks as a function of oligomer size are plotted in Figure 7.42 (all spectra
are normalised to the C=C peak) and a comparison between oligoselenophene (solid lines) and
oligothiophene (dashed lines) is performed.
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Figure 7.42: (Top) Normalised simulated Raman spectra of oligoselenophene
(solid lines) and oligothiophene (dashed lines) as a function of oligomer length.
As well as the S→Se peak shift, additional shifts to lower wavenumbers were
observed with increasing oligomer size. Note that some of the oligomers showed
splitting in the C=C mode, due to different ‘clusters’ of C=C vibrations along the
backbone; (Bottom) Comparative heights of the C-C mode intensity relative to
the main C=C mode. An increase in the I(C-C)/I(C=C) ratio was observed for
both materials with increasing oligomer length, in addition to the S→Se induced
change in peak position
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As described earlier, the selenium substitution shifts the vibrational modes to lower wavenumbers.
The trends in (1) C=C mode peak position and (2) I(C-C)/I(C=C) ratio with increasing oligomer
length, however, remains intact: the longer oligomers produce a shift in the vibrational frequencies
to lower wavenumbers (e.g. from 1507 cm−1 in 3Se to 1452 cm−1 in 7Se), and a commensurate
increase in the I(C-C)/I(C=C) ratio (from ∼0.058 in 3Se to ∼0.150 in 7Se).
To better illustrate the effects of heavy Se atom substitution on the structure-vibrational properties
of the molecules, the changes in simulated Raman are summarised in Figure 7.43. It is interesting
to note that, while the S→Se peak shift to lower wavenumbers exists for each oligomer size, the
magnitude of the peak shift increases with oligomer length, with barely any changes between C=C
peak positions in the trimer but large peak shifts observed in the heptamer. A similar effect of
increasing divergence in I(C-C)/I(C=C) ratios with increasing oligomer length is also observed.
This conclusion could be applied to P3HS and P3HT thin films by modelling the films as an ensem-
ble of conjugated segments, with a certain distribution in conjugation lengths. Due to resonance
effects, the experimental Raman spectra would then arise from an ensemble of contributions from
the distribution of conjugated segments. For a similar distribution of conjugation lengths between
P3HS and P3HT, the larger dispersion in selenophene C=C peak position would result in a broader
P3HS experimental Raman C=C peak compared to P3HT. In the extreme case, if all the conjugated
segments were 3 units in length, only minor changes would be observed in C=C peak position be-
tween the two materials. Since this is not the case and a large peak shift of -37 cm−1 was observed
in the P3HS Raman spectrum compared to P3HT (see Figure 7.36 (Bottom)), this would seem to
indicate that the polymers are composed of conjugated segments of length greater than 3 units (an
average conjugation length of ∼6 according to this model).
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Figure 7.43: Summary of changes in C=C mode peak position and I(C-
C)/I(C=C) ratios, comparing selenophene (solid lines) and thiophene (dashed
lines)
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7.3.4 Torsion Angle Study
To complete the comparative DFT analysis of oligoselenophenes vs. oligothiophenes, the torsional
effects on the vibrational modes are studied. Since the previous results on un-substituted oligoth-
iophenes did not show any dramatic differences between the helical and alternating structures, only
the helical structures are investigated here.
Optimised Geometries
Successively twisted molecules of hepta(3-methylselenophene) (7Se) and hepta(3-methylthiophene)
(7T) were constructed by freezing the inter-unit torsion angles from 0°–40° in 10° steps followed by
a structural relaxation. The torsional structures for helically-twisted hepta(3-methylselenophene) are
illustrated in Figure 7.44.
0° 
10° 
20° 
30° 
40° 
1 2 3 4 5 6 
Figure 7.44: Torsionally-frozen and re-optimised geometries of hepta(3-
methylselenophene) with inter-unit dihedral angles of 0°–40° in 10° steps
Analogous to the results demonstrated in Section 7.2.4, twisting the backbone results in an increase
in the inter-unit C-C bond lengths (Figure 7.45 and Table 7.15). Bond lengths of the selenophenes
are still shorter than their thiophene equivalents and demonstrate similar trends of a reduction in
bond length towards the centre of the conjugated molecules.
166
1.435
1.44
1.445
1.45
1.455
0 10 20 30 40
Se
T
B
o
n
d
 L
e
n
g
th
 (
Å
)
Torsion Angle (°)
1.435
1.44
1.445
1.45
1.455
1 2 3 4 5 6 7 8
7Se 0°
7Se 10°
7Se 20°
7Se 30°
7Se 40°
7T 0°
7T 10°
7T 20°
7T 30°
7T 40°
B
o
n
d
 L
e
n
g
th
 (
Å
)
Bond Number
(a) (b) 
Figure 7.45: (a) Graph of inter-ring bond lengths as a function of frozen torsion
angle for selenophene (solid lines) and thiophene (dashed lines). Bonds are shorter
towards the centre of the conjugated backbone; (b) Trends in characteristic min-
imum bond lengths comparing selenophene and thiophene. In the general, the
inter-unit bond lengths of selenophene is shorter than thiophene
Bond Number Se 0° Se 10° Se 20° Se 30° Se 40°
1 1.4424 1.44264 1.4448 1.44762 1.45086
2 1.4374 1.43824 1.44105 1.44495 1.44924
3 1.43629 1.43737 1.4405 1.44459 1.44918
4 1.43631 1.43742 1.44053 1.44476 1.44927
5 1.43718 1.43844 1.44122 1.44503 1.4492
6 1.44198 1.44312 1.44507 1.44781 1.45099
Bond Number T 0° T 10° T 20° T 30° T 40°
1 1.44732 1.44802 1.44979 1.4523 1.45504
2 1.44304 1.44396 1.44654 1.45005 1.45379
3 1.44216 1.44324 1.44592 1.44982 1.45369
4 1.44231 1.44336 1.44616 1.44979 1.45369
5 1.44305 1.44408 1.44657 1.45008 1.45367
6 1.4478 1.44837 1.45005 1.45246 1.45511
Table 7.15: Summary of bond lengths as a function of frozen torsion an-
gle comparing (top) hepta(3-methylselenophene) (7Se) and (bottom) hepta(3-
methylthiophene) (7T)
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HOMO-LUMO Energy Levels
Twisting the molecular backbone leads to a predictable increase in the band gap which is caused
by the simultaneous lowering of the HOMO level and raising of the LUMO level. Interestingly, the
difference between the LUMO levels of 7Se and 7T is systematically preserved along the torsional
series, with the 7Se band gap maintaining a ∼0.3 eV reduction compared to 7T.
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Figure 7.46: Calculated HOMO-LUMO energy levels of 7Se and 7T as a function
of increased applied torsion angle between the monomers. The reduction in 7Se
band gap compared to 7T is preserved during twisting
HOMO-LUMO Isosurfaces
Figure 7.47 shows the distribution of the HOMO and LUMO by mapping the frontier orbital isosur-
faces on the molecular structures. Comparable to the un-substituted thiophene case in Section 7.2.4,
twisting does not appear to result in significant changes in HOMO-LUMO delocalisation along the
length of the backbone, but is surmised to cause a torsional confinement in the pi-orbitals.
LUMO HOMO 
Figure 7.47: Calculated HOMO-LUMO isosurfaces hepta(3-methylselenophene)
as a function of applied torsion angle (from 0° to 40°). No significant changes in
delocalisation are observed along the molecular backbone
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Simulated Raman Spectra
The differences in torsion-induced changes to the vibrational properties of 7Se and 7T are examined by
calculating the constrained Raman spectra for each conformation (Figure 7.48). Increased backbone
planarity results in a shift of the C=C vibrational frequencies to lower wavenumbers, for both 7Se
and 7T. A commensurate increase in the I(C-C)/I(C=C) ratio was also observed for both materials.
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Figure 7.48: (Top) Normalised constrained Raman spectra for 7Se (solid lines)
and 7T (dashed lines) as a function of torsion angle. Splitting of the C=C mode
is noted, due to sub-groups of C=C vibrations along different sections of the
backbone; (Bottom) Close-up of the intra-ring C-C vibrational mode
From the trend in C=C mode peak position and I(C-C)/I(C=C) ratio (Figure 7.49), both materials
(7Se and 7T) show similar trends in vibrational signatures with applied torsion, in contrast to the
oligomer length study which demonstrated greater disparity between vibrational mode behaviours
in the longer oligomers. In P3HS and P3HT thin films composed of similar conjugation lengths, a
change in backbone planarity would be accompanied by Raman peak shifts of similar magnitudes
between the two materials.
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Figure 7.49: Summary of C=C mode peak position and I(C-C)/I(C=C) ratio vs.
torsion angle, comparing selenophene (solid lines) and thiophene (dashed lines)
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7.3.5 Interpretation of Experimental Data
The results of the geometrical optimisations and conformation studies are now applied to experimental
data (Raman and OPV device data courtesy of W. C. Tsoi and XRD data courtesy of E. B. Domingo,
Imperial College London). Figure 7.50 shows the Raman spectra of (a) P3HS and (b) P3HT films
blended with PCBM and subjected to thermal annealing at 150 °C for 20 minutes (Raman data
courtesy of W. C. Tsoi and published in Reference [32]).
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Figure 7.50: Raman spectra, taken under 488 nm excitation, of (a) P3HS and
(b) P3HT thin films demonstrating changes induced by blending with PCBM and
annealing. A shift in the main C=C mode to higher wavenumbers upon blending
indicates an increase in polymer disorder, which is largely reversed upon annealing
Comparing the neat and blended films, both P3HS and P3HT show C=C mode peak shifts to higher
wavenumbers, with P3HS showing a larger shift (∼24 cm−1) compared to P3HT (∼9 cm−1). This
indicates an increase in polymer disorder after blending. The larger shift seen in P3HS could be due
to increased disorder relative to P3HT, or also that the dominant factor in the C=C mode shifts is
a change in the distribution of conjugation lengths (a reduction in the mean conjugation length).
A reduction in I(C-C)/I(C=C) ratio is also observed upon blending, consistent with the increase in
disorder.
After annealing, the C=C mode peak positions shift back to their original positions, indicating a
recovery in molecular order. Interestingly, the annealed P3HS:PCBM spectrum features a sharply-
defined low-wavenumber peak (1421 cm−1) which hints at a well-defined lamellar or crystalline
packing structure. In addition, significant Raman features at higher wavenumbers remain, providing
a signature of a pronounced disordered phase co-existing with the ordered lamellar packing, even
after annealing. The annealed P3HT:PCBM spectrum shows much less broadening which could be
due to the intrinsic Raman signatures of P3HT or could signify less degree of disorder in the annealed
P3HT:PCBM film relative to P3HS.
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To corroborate the interpretations in film morphology from DFT-Raman, wide-angle X-ray scattering
(WAXS) measurements were performed on the films, included in Figure 7.51 (WAXS data courtesy
of E. B. Domingo and published in Reference [32]). Peaks arise from the lamellar packing [35]. The
much higher scattering intensities observed from the P3HS films (including higher order reflections)
indicates that P3HS, especially annealed films, exhibit a higher crystalline quality than P3HT. This
could be explained by the calculated increase in backbone planarity induced by the S→Se substitution,
and is consistent with the sharply-defined Raman peak at 1421 cm−1 in annealed P3HS:PCBM blend
film.
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Figure 7.51: XRD plots of (a) P3HS and (b) P3HT films, blended with PCBM
and annealed. The higher scattering intensities (and second order reflections) of
annealed P3HS compared to P3HT films indicate an increase in crystalline quality
OPV Properties
To see how the changes in molecular order are reflected in device performance, OPV measurements
from P3HS and P3HT films blended with PCBM are compared in Table 7.16 (OPV device data cour-
tesy of W. C. Tsoi and published in Reference [32]). The pristine P3HS:PCBM device shows a lower
JSC than the P3HT:PCBM device (-2.07 mA/cm
2 compared to -4.79 mA/cm2). After annealing,
the JSC of the P3HS:PCBM device increases by a factor of ∼3.2 compared to the P3HT:PCBM
which increases by a factor of ∼1.8. The observed reduction in P3HS JSC relative to P3HT may
be due to the increase in disorder suggested by the broader Raman spectra. This would limit charge
separation and extraction from the device, and would mask the presumed improvement in pi − pi
stacking due to the observed increase in lamellar order compared to P3HT. Upon annealing, the
P3HS JSC improves by a larger degree than the P3HT, hinting perhaps at the underlying enhanced
charge transport properties of the ordered-phase P3HS; however the disordered component remains
a limiting factor, adversely affecting device performance and PCE.
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Pristine Annealed Pristine Annealed
P3HS:PCBM P3HS:PCBM P3HT:PCBM P3HT:PCBM
VOC(V ) 0.61 0.54 0.68 0.6
JSC(mA/cm
2) -2.07 -6.71 -4.79 -8.72
FF 0.46 0.46 0.33 0.64
PCE(%) 0.58 1.67 1.07 3.39
Table 7.16: A summary of the OPV device properties of pristine and annealed
P3HS:PCBM and P3HT:PCBM blend devices (taken from Reference [32])
7.3.6 Summary
A DFT study was conducted on the effects of S→Se substitution on the molecular order of polythio-
phene. Geometrical optimisations indicated that the selenium substitution improved the conjugated
backbone planarity. Using vibrational frequency calculations, substitution of the sulphur atom with
the heavier selenium atom resulted in a shift of the C=C stretch mode and intra-unit C-C stretch
mode to lower wavenumbers, a trend that was confirmed experimentally by comparing the Raman
spectra of P3HS and P3HT thin films.
Exploring the structure-property relationships of the films using DFT methods, it was found that
increasing the oligomer length tended to (1) shift the C=C mode to lower wavenumbers and (2) en-
hance the I(C-C)/I(C=C) intensity ratio. A greater dispersion in the C=C mode peak position, as
a function of oligomer length, was observed for selenophene compared to thiophene. Furthermore,
by varying the torsion angle of the heptamers, it was found that a planar backbone conformation
similarly promoted the softening of the C=C mode and the enhancement of the I(C-C)/I(C=C) ratio,
with a similar Raman dispersion observed for both materials in this case.
Applying these structure-property relationships to pristine and annealed P3HS:PCBM and P3HT:PCBM
films, it was determined that while the more planar structure of P3HS promoted a better lamellar
ordering (observed using WAXS measurements), a significant disordered morphology remained in
the annealed blend films compared to P3HT. This was postulated as the origin of the reduction in
JSC measured from annealed P3HS:PCBM blend devices compared to P3HT, thus hampering device
performance.
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7.4 Effect of Heavy Atom Substitution on Packing
7.4.1 Motivation
Another area of active research involves changing the bridging atom between fused ring systems and
the solubilising alkyl chains [36–38]. For example, C→Si substitution has been shown to result in a
reduction in the optical band gap, enhanced charge carrier transport and increased ionisation potential
(which in turn increases the open-circuit voltage). These improvements have been attributed to the
lengthening of the C–X bond (thus moving the side-chains further away from the conjugated core
and reducing steric hindrance) which enhances co-facial packing and pi − pi interactions [39].
In an attempt to exploit this behaviour, alternative atomic substitutions from within the same periodic
group are being actively explored, such as replacing the silicon bridging atom with an even heavier
germanium atom [40–43]. In this section, DFT calculations are used to evaluate heavy bridging atom
substitution, as well as the effect of bridged alkyl length, on molecular conformation and morphology
of a donor-acceptor copolymer system.
This work was carried out in collaboration with Dr Jong Soo Kim, The Blackett Laboratory, Imperial
College London (who performed the experimental work) and is published in Reference [44].
7.4.2 Materials
To fully explore the effect of bridging atom substitution on donor-acceptor film morphology, a series
of four polymers are studied, comparing a silicon and germanium bridging atom with methyl and
butyl bridged side-chains (Figure 7.52).
X = Si or Ge 
R = Methyl or Butyl  
θ 
Figure 7.52: Molecular Structure of MeSiBT, MeGeBT, BuSiBT BuGeBT. The
inter-unit dihedral angle (θ) is indicated in the figure
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The naming conventions for the four polymers adopted in this section are outlined below:
MeSiBT: poly[(3,3’-bis(dodecyl)-4,4’-dimethyldithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl]
MeGeBT: poly[(3,3’-bis(dodecyl)-4,4’-dimethyldithieno[3,2-b:2’,3’-d]germole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl]
BuSiBT: poly[(3,3’-bis(dodecyl)-4,4’-di-n-butyldithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl]
BuGeBT: poly[(3,3’-bis(dodecyl)-4,4’-di-n-butyldithieno[3,2-b:2’,3’-d]germole)-2,6-diyl-
alt-(2,1,3-benzothiadiazole)-4,7-diyl]
7.4.3 Geometry Calculation
Using the molecular structures of the four polymers as a basis, a series of four donor-acceptor (D-A)
molecules are modelled (the dithienosil(germ)ole unit being the donor and the BT unit being the
acceptor). The long dodecyl side-chains attached to the thiophene units, which did not change
between the four polymers, are truncated to methyl groups to reduce computation time. The full do-
decyl side-chains are not envisaged to alter the conformational properties of the calculated molecules
since they are facing away from the conjugated backbone (and from each other). The geometrically-
optimised molecular structures, shown in Figure 7.53, are calculated using the B3LYP method and
6-31G(d) basis set. The extracted structural parameters are listed in Table 7.17.
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Figure 7.53: Optimised geometries of MeSiBT, MeGeBT, BuSiBT BuGeBT.
Similar D-A torsion angles were observed, but the Si→Ge substitution led to a
change in local bond lengths
The main geometrical difference between the optimised structures is the C–X bond length (X=Si,Ge),
with a slight increase from 1.89 to 1.95 A˚ upon germanium substitution. This trend is consistent with
previous studies that have explored the bridging atom substitution from carbon (C–C ∼1.53 A˚) to
silicon (C–Si ∼1.89 A˚) [39]. The lengthening of the C–X bond leads to a decrease in interaction be-
tween the solubilising alkyl chains and the aromatic backbone of the polymer, which promotes tighter
co-facial packing and stronger pi − pi interactions, enhancing optical absorption and intermolecular
charge transport.
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C-X Bond Length (A˚) D-A Bond Length (A˚) Dihedral Angle (°)
MeSiBT 1.89 1.468 50.3
MeGeBT 1.95 1.467 49.7
BuSiBT 1.89 1.468 50.1
BuGeBT 1.95 1.467 49.3
Table 7.17: Key geometrical parameters extracted from the B3LYP/6-31G(d)-
optimised structures. No changes were observed due to alkyl chain substitution
in these virtual gas phase calculations. The largest change in geometry was an
increase in C-Ge bond length compared to C-Si
Using this rationale, the increase in C–X bond length in MeGeBT and BuGeBT structures compared
to MeSiBT and BuSiBT would lead to an increase in pi− pi interactions. This can be monitored ex-
perimentally by measuring the charge transport properties of the thin films. Field-effect hole mobilities
measured for this set of materials increased sequentially from BuSiBT<BuGeBT<MeSiBT<MeGeBT.
For equivalent side-chains, the germanium atom substitution resulted in an increase in hole mobility.
Mobility measurements using the space-charge limited current (SCLC) method revealed a same trend
(see Reference [44] for further details), supporting the conclusion that the calculated increase in C–X
bond length promotes improved pi − pi interactions between neighbouring molecules.
7.4.4 Potential Energy Surface Calculation
Another possible explanation for the observed increase in hole mobility with germanium substitution
could be improved intra-chain transport. Such a proposition would be supported by an increase in
planarity or a reduction in torsional stiffness induced by germanium atom substitution. To evaluate
the relative torsional properties of Si- and Ge-bridged molecules, potential energy surface (PES) scans
are performed on the D-A units. This procedure maps out the potential energy of the molecule as
a function of D-A dihedral angle, the results of which are shown in Figure 7.54. Energy minima
have been set to zero for comparison. Almost identical curvatures were observed, indicating that the
heavy atom substitution does not directly affect the backbone stiffness.
Figure 7.54: Simulated potential energy surface (PES) scans of the Si- and
Ge-bridged methyl-substituted molecules to compare torsional stiffness
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7.4.5 XRD
The comparatively high dihedral angle (∼50°) calculated for all these D-A monomers suggests that,
unlike RR-P3HT, lamellar packing of the backbones would not readily occur. Instead of co-facial
stacking, a more disordered morphology would be expected to form in thin films of the material.
Calculations of ordered polymers such as RR-P3HT and PBTTT [45, 46] reveal a much greater
degree of backbone planarity and indeed crystallinity is usually observed in these films using tech-
niques such as WAXS or NEXAFS [47]. WAXS measurements have been performed [44] on these
conformationally-twisted molecules. The results, included in Figure 7.55, reveal no crystal scattering
peaks, suggesting that these polymers form a more disordered film morphology in the solid state,
corroborating the calculated structural properties of these materials.
Figure 7.55: XRD measurements of the polymers under investigation (taken from
Reference [44]). No crystallinity is observed
7.4.6 HOMO-LUMO Calculation
The influence of heavy atom substitution on the HOMO and LUMO properties is investigated next.
Molecular orbital (MO) isosurfaces are generated from the optimised D-A molecules and mapped
out in Figure 7.56.
LUMO HOMO 
Me, Si 
Me, Ge 
Bu, Si 
Bu, Ge 
Figure 7.56: Calculated HOMO-LUMO isosurfaces for D-A structures
From these frontier orbital distributions it is observed that the HOMO level is delocalised over the
entire backbone whereas the LUMO level is highly localised on the BT acceptor unit. No change
176
in the delocalisation of the MO surfaces could be seen between the Si- or Ge-containing molecules,
consistent with the similarity in calculated D-A bond lengths and dihedral angles. This suggests that
similar intra-chain transport properties would be exhibited by both silicon- and germanium-containing
molecules.
Another notable observation is that neither HOMO nor LUMO distributions overlaps with the heavy
atom itself. This suggests that the heavy atom substitution would, in this case, not influence the
HOMO or LUMO energy levels in the molecule. The narrow range of calculated HOMO (-5.14 to
-5.15 eV ) and LUMO (-2.38 to -2.39 eV ) energy levels from the four molecules is consistent with
the lack of interaction between the bridging atom and conjugation properties of these materials.
This is borne out by the experimentally-measured optical band gaps and ionisation potentials of thin
films [44] showing only minor changes in energy levels with heavy atom substitution (Table 7.18).
A larger change (∼0.07–0.1 eV ) is seen in the ionisation potentials between the two side-chains in
thin film, suggesting a possible effect of packing structure.
LUMO HOMO DFT BG Optical BG IP
MeSiBT -2.39 -5.15 2.76 1.83 5.63
MeGeBT -2.38 -5.15 2.77 1.90 5.64
BuSiBT -2.39 -5.15 2.76 1.87 5.53
BuGeBT -2.39 -5.14 2.75 1.93 5.57
Table 7.18: DFT-calculated HOMO-LUMO energies and band gaps for the ma-
terial series. Optical band gaps and ionisation potentials (from Reference [44])
are shown for comparison. All values are quoted in eV
7.4.7 Summary
In summary, the effects of heavy bridging atom substitution (Si→Ge) and methyl→butyl side chains
on molecular structure was investigated using DFT calculations. An increase in hole mobility with Ge
atom substitution is explained by the difference in C–X bond length, which increases from 1.89 A˚ (Si)
to 1.95 A˚ (Ge). The longer C–X bond would lead to a reduction in steric interactions between the
alkyl chains and the conjugated backbone which may lead to stronger pi−pi interactions in thin films.
By conducting potential energy surface scans with the D-A dihedral angle, no change in stiffness was
observed by substituting the bridging atom. The relatively large calculated dihedral angle (∼50°)
would impede strong crystalline and lamellar packing in thin films, and this seemed to be supported
by the absence of crystalline signatures from the WAXS measurements.
Calculated HOMO distributions were delocalised along the backbone, while the LUMO showed strong
localisation on the BT unit. No contributions from the bridging atom were observed on the calculated
HOMO-LUMO energy levels, and indeed only minor (∼0.1 eV ) changes in optical band gap and
ionisation potentials were observed in thin-film measurements.
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7.5 Effect of Annealing on Ambipolar Charge Transport
7.5.1 Motivation
Another application of donor-acceptor (D-A) co-polymers is the active layer of OFETs. In contrast
to using highly-crystalline small molecules, the benefits of D-A copolymers include being able to
independently tailor the HOMO and LUMO energy levels, thus enabling the optimisation of ambipo-
lar charge transport using only a single conjugated polymer [48–51]. This would be desirable for
the simplified fabrication of complementary logic circuits, where a blanket film of ambipolar mate-
rial is deposited on the pre-patterned substrates, rather than using high-precision micro-patterning
techniques.
A number of design rules have already been developed for the chemical synthesis of ambipolar
polymers, such as (1) a planar pi-conjugated molecular backbone, (2) delocalised HOMO-LUMO
frontier orbitals, (3) low LUMO level to enhance electron transport and promote air-stability and
(4) attachment of alkyl side-chains to promote solubility and direct intermolecular packing in thin
films. For the optimisation of device properties (such as hole and electron mobilities in the case
of ambipolar polymers), processing methods and conditions also play a vital role. Common device
optimisation processing includes (1) thermal or solvent annealing [52–54], (2) electrode modifica-
tion [55], (3) the use of interlayers [56], etc. Despite their importance, it is not often clear how
morphological and opto-electronic changes induced by different processing conditions affect charge
transport performance.
In this work, the effect of thermal annealing on OFET device properties using new donor-acceptor
alternating co-polymers is investigated in terms of the underlying morphological changes, i.e. in terms
of intra- and inter-chain conformation, packing and charge transport. Quantum-chemical calculations
are used to unlock and interpret the morphological clues revealed using experimental techniques such
as UV-visible absorption and Raman spectroscopy and are compared to OFET device performance,
with a particular emphasis on hole and electron transport.
This work was carried out in collaboration with Juhwan Kim, Gwangju Institute of Science and Tech-
nology, Republic of Korea (who performed the OFET work) and has been submitted for publication.
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7.5.2 PTVPhI
Molecular structures of the two D-A alternating co-polymers investigated in this section are shown in
Figure 7.57. The dodecyl-substituted thienylenevinylene donor units are unchanged between the two
molecules, however different side chains (2-ethylhexyl and dodecyl) are placed on the phthalimide
acceptor unit to slightly alter the thin film packing and annealing behaviour. The synthesis of the
PTVPhI molecules are reported elsewhere [57] and are designed following the rules outlined earlier.
(a) PTVPhI-Eh 
(a) PTVPhI-C12 
Mn = 18.6 kg/mol 
PDI = 1.9 
Mn = 17.8 kg/mol 
PDI = 2.0 
Figure 7.57: Molecular structures of (a) PTVPhI-Eh and (b) PTVPhI-C12, along
with the number-average molecular weight (Mn) and polydispersity index (PDI)
7.5.3 Optical Microscopy
To explore the effect of thermal annealing on thin film morphology and opto-electronic properties,
a series of PTVPhI-Eh (Eh) and PTVPhI-C12 (C12) films were spin-coated from chlorobenzene
solutions on quartz substrates and annealed at temperatures of 110, 200 and 300 °C for 30 minutes.
The optical images of the resulting Eh and C12 annealed films are shown in Figure 7.58.
(a) Eh 
(b) C12 
RT  110 °C    200 °C      300 °C 
10 µm 
Figure 7.58: Optical microscopy images of (a) PTVPhI-Eh and (b) PTVPhI-C12
as a function of annealing temperature and compared to the pristine (RT) film
From these images, the morphology of the polymers appear thermally stable, apart from the Eh
polymer which shows a possible ‘melt’ morphology at 300 °C. This is in line with differential scanning
calorimetry (DSC) measurements (courtesy of Juhwan Kim, not shown) which indicate a melting-like
thermal transition at 260 °C and 295 °C for Eh and C12, respectively.
179
7.5.4 UV-Visible Absorption Spectroscopy
Additional information on film morphology can be obtained by looking at the optical absorption
properties of the films. For example, increased backbone planarity or intermolecular pi−pi interactions
can produce a signature red-shift in the absorption spectra. Normalised UV-visible absorption spectra
for the annealed films of Eh and C12 are shown in Figure 7.59.
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Figure 7.59: Normalised UV-visible absorption spectra of (top) PTVPhI-Eh and
(bottom) PTVPhI-C12 thin-films as a function of annealing temperature
The general characteristics of the spectra from both materials show broad absorption from ∼400–650
nm, with specific peaks located at ∼570 nm and ∼620 nm. The lower-energy peak at ∼570 nm was
chosen for the normalisation because it showed the smallest changes in peak position. Peak shifts
and relative changes in absorbance are observed from the low-energy peak from the two species. The
trend in 620 nm relative peak intensity with annealing temperature is shown in Figure 7.60.
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Figure 7.60: Relative absorbance of the lowest-energy peak as a function of
annealing temperature for Eh and C12 polymer thin films, along with observational
error (due to signal noise)
From RT to 200 °C, both films show a progressive red-shift and increase in relative intensity of the
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620 nm peak. This behaviour can be attributed to (1) improved packing or pi − pi interactions [58]
and (2) improved backbone planarity or pi-conjugation [16, 59]. From 200–300 °C, a reduction in
relative peak intensity and a blue-shift in the peak position are observed, indicative of a reduction
in inter-molecular order or a decrease in the chain planarity / conjugation. While absorption prop-
erties provide vital clues to the changes in film morphology with annealing, it does not lead to an
unambiguous conclusion for this system. It is clear that using UV-visible spectroscopy alone does not
provide sufficient evidence to precisely explain the effect of thermal annealing on the film morphol-
ogy, but DFT calculations combined with Raman measurements can be used as structural probes to
understand the conformational behaviour of these polymers.
7.5.5 Geometry Calculation
To study the structure-property relationships of these materials, the DFT-calculated geometry of the
common PTVPhI conjugated backbone is first investigated. The long alkyl side-chains are replaced
by methyl groups and a structural optimisation is performed on the backbone in the virtual gas phase
using the B3LYP method and 6-31G(d) basis set. The optimised structure, along with inter-unit
torsion angles, is shown in Figure 7.61.
0° 
0° 
0° θ 
Figure 7.61: Optimised geometries of the PTVPhI backbone using
B3LYP/6-31G(d). The long alkyl side-chains were replaced by methyl groups.
Inter-unit dihedral angles are indicated in the figure
The optimised geometry indicates a high degree of planarity in the PTVPhI backbone, with dihedral
angles close to 0°, consistent with the desired conformation built-in to the molecular design.
7.5.6 Raman Simulation
In the next stage, a vibrational frequency calculation is performed on the optimised PTVPhI backbone
and a simulated Raman spectrum is generated. A comparison between the virtual gas-phase calcu-
lated Raman spectrum and an experimentally-obtained Raman spectrum of PTVPhI-Eh (taken under
785 nm laser excitation from a dilute solution in o-xylene) is shown in Figure 7.62. The calculated
wavenumbers are empirically scaled for the direct comparison between simulated and experimental
Raman modes only.
The good agreement between the calculated PTVPhI monomer and polymer solution spectra in-
dicate that (1) negligible intermolecular interactions exist in dilute solutions and (2) the Eh and
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Figure 7.62: Comparison between the calculated Raman spectrum from the
PTVPhI backbone in the virtual gas phase, and an experimentally-measured Ra-
man spectrum of PTVPhI-Eh in dilute solution. The calculated wavenumbers have
been empirically scaled by 0.96 (see Appendix C for further information)
C12 side-chains do not significantly alter the vibrational properties of the main Raman modes in
dilute solutions. Using these observations, the simulation of the PTVPhI backbone (without the
side-chains) is considered a reasonable approximation to experiment and sufficient to investigate the
conformational properties of the material in this study.
From the vibrational calculation performed on the optimised PTVPhI, the vibrational properties of
the corresponding Raman peaks are assigned according to the atomic displacements. An illustration
of the vibrational properties of the four main Raman modes is shown in Figure 7.63. Blue arrows
indicate the relative atomic displacement amplitudes, and are magnified in the figure for clarity.
1365 cm-1 - Vinyl C-H Bending 1476 cm-1 – Thiophene C-C Stretch (Symmetric ) 
1590 cm-1 – Thiophene C-C Stretch (Antisymm) 1668 cm-1 - Vinyl C=C Stretch 
Figure 7.63: Atomic displacements of the main Raman modes calculated from
the optimised geometry in Figure 7.61. Blue arrows indicate relative displacement
amplitudes. The characterisation of each vibrational mode is indicated in the
figure
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Using the atomic displacements as a guide, the vibrational nature of the main Raman modes are
described in Table 7.19, along with the calculated, scaled and experimentally measured Raman shifts.
Vibrational Mode PTVPhI (DFT) PTVPhI (Scaled) PTVPhI-Eh (Soln.)
Vinyl C-H Bend 1365 1310 1299
Thiophene C=C Stretch (symm.) 1476 1417 1418
Thiophene C=C Stretch (anti-symm.) 1590 1526 1522
Vinyl C=C Stretch 1668 1601 1594
Table 7.19: Summary of the vibrational assignments of the main simulated
and experimentally-measured Raman peaks originating in the PTVPhI backbone.
Scaled calculated Raman shifts are compared with the experimentally-measured
peak positions. All values are quoted in cm−1
With reference to the experimental and calculated Raman spectra, two main vibrational modes are
identified for further study. These are the thiophene ring C=C symmetric stretch mode (measured
at 1418 cm−1) and the vinyl C=C stretch mode (measured at 1594 cm−1).
7.5.7 Effect of Torsion Angle
The effects of molecular conformation on the Raman spectra (vibrational modes) of PTVPhI are ex-
plored by performing torsion-angle calculations on the optimised PTVPhI backbone. The thienylenevinylene-
phthalimide dihedral angle (θ, indicated in Figure 7.61) is frozen from 0° to 40° in 10° steps. Ge-
ometries are structurally relaxed about these frozen angles, and the constrained Raman spectra
re-calculated for each applied torsion. The peak shifts in the thiophene and vinyl C=C modes are
monitored and plotted in Figure 7.64.
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Figure 7.64: Simulated Raman peak shifts for the thiophene and vinyl C=C
stretch modes as a function of torsion angle
The behaviour of the thiophene C=C stretch mode shows a clear and systematic trend with torsion an-
gle. A peak shift to higher wavenumbers would indicate an increase in thienylenevinylene-phthalimide
torsion. On the other hand, only small changes are observed in the vinyl C=C mode peak position
for small (<20°) torsion angles. As the torsion is increased beyond 20°, however, a large shift is
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observed to higher wavenumbers. It is clear that changes in the thiophene peak would give a clear
indication in conformational changes in the PTVPhI backbone. A summary of the torsion-dependent
calculated peak positions is shown in Table 7.20.
Torsion Angle Thiophene C=C Vinyl C=C
0° 1444.0 1664.4
10° 1444.6 1664.5
20° 1445.5 1664.5
30° 1446.5 1665.0
40° 1447.8 1665.9
Table 7.20: Summary of the calculated PTVPhI Raman peak positions (in cm−1)
for the thiophene and vinyl C=C modes as a function of applied torsion angle
7.5.8 Raman Spectroscopy
These calculated structure-property relationships for the PTVPhI backbone can now be applied to
the study of chain conformation in the polymer systems with annealing, in particular by monitoring
the changes in Raman thiophene and vinyl C=C peak positions. The normalised Raman spectra
taken from PTVPhI-Eh and PTVPhI-C12 films annealed at a series of temperatures (along with the
solution spectrum for reference) are shown in Figure 7.65 (a) and (b), respectively.
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Figure 7.65: Normalised Raman spectra of (a) PTVPhI-Eh and (b) PTVPhI-C12
thin films as a function of annealing temperature. The dilute solution spectra are
shown for reference. All spectra were taken under 785 nm excitation. The optical
images of these films are shown in Figure 7.58
Changes in the thiophene and vinyl peak positions are observed. To get a better perspective on the
changes to the Raman modes, the thiophene and vinyl peaks are displayed separately in Figure 7.66,
alongside the DFT-calculated torsion-induced changes in peak positions.
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Figure 7.66: Changes in Raman peak positions of the normalised thiophene
(a,c,e) and vinyl (b,d,f) C=C stretch modes. Spectra are measured from
(a,b) PTVPhI-Eh and (c,d) PTVPhI-C12 materials, and compared to the cal-
culated PTVPhI backbone (e,f)
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Raman spectra indicate peak shifts in both the thiophene and vinyl C=C stretch modes from both
Eh and C12 materials:
Eh: From solution to thin film, the thiophene peaks shifts from 1418.3 to 1414.0 cm−1
and the vinyl mode shifts from 1593.7 to 1592.4 cm−1. Annealing the sample initially
causes a softening of both the thiophene and vinyl modes which, from the calcula-
tion results, suggests an increase in chain planarity and improved conjugation along
the backbone. Increasing the annealing temperature to 300 °C, however, causes a
hardening of both the thiophene and vinyl modes, suggesting a reduction in backbone
planarity which is also supported by the optical image and blue-shift in the absorption
low-energy peak
C12: A similar softening of the thiophene and vinyl peaks from solution to thin film was
observed (1417.9 to 1415.0 cm−1 and 1593.5 to 1592.7 cm−1, respectively), in-
dicating that both polymers increased in planarity in the solid state due to strong
inter-molecular interactions. Interestingly, the magnitude of the peak shift from solu-
tion to thin film is not as strong in C12 compared to Eh, suggesting that the packing
of C12 in the pristine film is not as good as the equivalent Eh film, possibly due to the
added steric interactions between the flexible dodecyl side-chains and the conjugated
backbones (compared to the branched Eh side-chains). Annealing the C12 films re-
sulted in a monotonic peak shift to lower wavenumbers in both the thiophene and
vinyl modes, with no hardening of the peaks observed at 300 °C. From the simulation
results, this suggests a gradual increase in backbone planarity with thermal treatment,
and greater thermal stability (higher melting temperature) than Eh
A summary of the peak shifts of the thiophene and vinyl C=C stretch modes, for both Eh and C12
polymers, is illustrated in Figure 7.67 and summarised in Table 7.21.
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Figure 7.67: Comparison between the trends in (a) thiophene and (b) vinyl
C=C mode peak positions upon thermal treatment for PTVTPhI-Eh (red) and
PTVTPhI-C12 (black) thin films along with their standard errors. A softening of
the mode (shift to lower wavenumbers) indicates an improvement in molecular
conformation
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Annealing Temperature Thiophene (Eh) Thiophene (C12) Vinyl (Eh) Vinyl (C12)
(RT solution) 1418.3 1417.9 1593.7 1593.5
RT film 1414.0 1415.0 1592.4 1592.7
110°C 1413.5 1414.6 1592.0 1592.7
200°C 1413.3 1414.0 1592.1 1592.4
300°C 1413.4 1413.4 1592.6 1592.2
Table 7.21: Summary of Raman Shifts (in cm−1) for thiophene and vinyl C=C
modes after different annealing temperatures. The room-temperature solution
peak positions are shown for reference
7.5.9 OFET Ambipolar Device Properties
The conclusions drawn from the thin-film studies are now applied to investigate the effect of thermal
annealing on ambipolar charge transport. Using OFETs fabricated in a top-gate bottom-contact
geometry, the hole and electron mobilities for devices annealed at different temperatures are extracted
(data courtesy of Juhwan Kim). A summary of the saturation mobilities is displayed in Table 7.22.
TANN. Eh µhole Eh µelectron C12 µhole C12 µelectron
(°C) (cm2V −1s−1) (cm2V −1s−1) (cm2V −1s−1) (cm2V −1s−1)
RT 0.18 0.004 0.030 0.0028
150 0.34 0.007 0.031 0.0060
200 0.75 0.030 0.047 0.0443
250 0.40 0.060 0.041 0.0493
300 0.09 0.040 0.068 0.0415
Table 7.22: Summary of hole and electron saturation mobilities extracted
from annealed top-gate bottom-contact devices, fabricated using PTVPhI-Eh and
PTVPhI-C12 as the active layer (data courtesy of Juhwan Kim)
In the pristine devices, Eh exhibits higher hole and electron mobilities (0.18 and 0.004 cm2V −1s−1)
compared to C12 (0.03 and 0.0028 cm2V −1s−1) which is consistent with the Raman interpretation
of improved planarity and backbone conformation in Eh pristine thin films. Annealing the Eh films
improves both the hole and electron mobilities to a peak value of µh=0.75 cm
2V −1s−1 (at 200 °C)
and µe=0.06 cm
2V −1s−1 (at 250 °C). At 300 °C, the hole and electron mobilities are greatly
reduced, consistent with the reduction in backbone planarity and conjugation determined from the
DFT-Raman studies.
The effect of thermal annealing on the C12 films is a general increase in both hole and electron
mobilities with increasing annealing temperature to a peak value of µh=0.068 cm
2V −1s−1 (at
300 °C) and µe=0.0493 cm2V −1s−1 (at 250 °C). Notably, the dramatic decrease in hole and electron
mobilities at 300 °C observed in Eh films is absent in these C12 films, which again is consistent with
the gradually improving backbone conformation and planarity with increased annealing temperature,
and better thermal stability of C12 compared to Eh.
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7.5.10 Molecular Orbital Simulation
Finally, the separate trend in hole and electron mobilities observed in these films with annealing
temperature is investigated using molecular orbital simulations. It was noted that the effect of an-
nealing on the hole and electron transport was not directly correlated, and that changes in backbone
conformation alone cannot account for the simultaneous increase in electron mobility and decrease
in hole mobility observed in Eh devices between 200–250 °C (Table 7.22). To gain a better under-
standing of the role of inter-chain transport, the HOMO and LUMO distributions were generated by
performing INDO excited state calculations developed by Zerner and co-workers [60, 61] on AM1-
optimised geometries. This method has been shown to provide good agreement with experimental
optical techniques [62–64]. A comparison of the frontier orbital distributions of a PTVPhI dimer and
trimer are shown in Figure 7.68.
LUMO LUMO 
HOMO HOMO 
Dimer Trimer 
Figure 7.68: HOMO-LUMO distributions of a PTVPhI dimer and trimer calcu-
lated using the INDO method on AM1-optimised geometries
Both the HOMO and LUMO are delocalised over multiple units; however the HOMO distribution
is relatively more delocalised along the backbone compared to the LUMO. In understanding the
effects of intra-chain vs. inter-chain transport in D-A co-polymers, Donley et al. [65] showed that the
localisation of the LUMO on the BT acceptor unit results in electron mobility being highly sensitive to
molecular packing. Specifically, inter-chain acceptor-acceptor stacking encouraged efficient electron
transport compared to electron-donor stacking. In our system, considering that the LUMO is more
localised compared to the HOMO, it is reasonable to deduce that electron transport is relatively more
sensitive to molecular packing, while hole transport is more sensitive to intra-molecular conformational
changes.
Applying this reasoning to the Eh device data, while annealing to 200 °C initially causes an increase
in hole mobility (accompanied by an improvement in backbone conformation indicated by the DFT-
Raman results), annealing to higher temperatures still begins to disrupt the chain conformation
(suggested by the hardening of the thiophene and vinyl peaks) which lowers the hole mobility and
promotes the stacking of adjacent LUMO to promote a more efficient electron transport, resulting
in a more balanced ambipolar charge transport.
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7.5.11 Summary
The effect of thermal annealing on the ambipolar charge transport of PTVPhI-Eh (“Eh”) and
PTVPhI-C12 (“C12”) polymers was investigated using a combination of theoretical and experimen-
tal techniques. Using DFT calculations, relationships between backbone conformation and Raman
peak positions were developed, with a shift in vibrational mode to lower wavenumbers indicating an
increase in backbone planarity.
Using the peak shift of the thiophene and vinyl C=C stretch modes as signatures for backbone
conformation, the effect of thermal annealing from Eh and C12 thin films was evaluated. It was shown
that while annealing to 300 °C resulted in a monotonic improvement in C12 backbone planarity, an
initial improvement in Eh conformation was disrupted when the films were annealed beyond 200 °C.
Comparing the annealing-induced conformational changes to OFET device data, it was found that
while annealing caused a monotonic increase in both hole and electron mobilities for C12, the Eh hole
mobility (which showed an initial improvement) was reduced when the films were annealed beyond
200 °C.
Finally, HOMO and LUMO distributions in the PTVPhI backbone, calculated using semi-empirical
methods, suggested that the LUMO was relatively more localised than the HOMO. It was reasoned
that while intra-chain transport (and backbone conformation) is more important for hole mobility,
inter-chain transport (and packing structure) plays a more important role for electron mobility. This
was used to explain the relative changes in hole and electron mobility as a function of annealing
temperature.
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7.6 Conclusions
In this chapter, a series of quantum-chemical studies were performed to provide a deeper insight into
the structural, opto-electronic and charge transport properties of a range of materials, applied to
OLED, OPV and OFET devices. Calculated results were then applied to experimental data to build
a clearer picture of structure-property-performance relationships in conjugated polymer materials.
In the first study, the effect of side-chains on the structural and opto-electronic properties of a
novel donor acceptor co-polymer was studied. Using Raman spectroscopy as a structural probe,
DFT calculations of the vibrational properties of the simulated molecules were able to accurately
reproduce the experimental data. From the optimised structures it was determined that the placement
and position of side chains induces a torsion between the donor and acceptor units, decreasing the
electronic coupling and leading to a blue-shift and reduction in oscillator strength of the main charge-
transfer optical excitation.
Next, the P3HT:PCBM system was studied using structural and vibrational simulations combined
with Raman spectroscopy to supply the experimental data. Of particular interest was the effect of
PCBM blending on P3HT molecular order. Using a series of systematic calculations, the relationship
between the main C=C ring stretch peak position and backbone conjugation length / inter-ring
torsion was established. These and other signatures were applied to experimental Raman data which
was used as an effective probe of molecular order. Blending was found to reduce the order of P3HT,
while annealing resulted in a recovery of order. This morphological insight was used to explain the
improvement in short-circuit current and power conversion efficiency of OPV devices upon thermal
annealing.
A further investigation of polymer-fullerene OPVs was performed by studying the effect of heavy atom
substitution (S→Se) in polythiophene on molecular order. A comparison of optimised geometries
revealed that the heavier atom led to an increase in backbone planarity, while vibrational frequency
calculations revealed a shift in the main C=C ring stretch mode to lower wavenumbers. The vibra-
tional changes were corroborated by comparing the experimental Raman data of P3HT and P3HS
thin films. Using detailed calculations of backbone conjugation length and torsion, similar trends in
the C=C Raman mode with molecular order were found in both materials. Varying the conjugation
length, however, caused a greater C=C mode dispersion in oligoselenophene than in oligothiophene.
The calculated planarity of P3HS was confirmed by a stronger lamellar packing signature from WAXS
measurements; however the Raman spectra suggested the presence of a substantial disordered phase
which hampered OPV device performance.
Heavy atom substitution was again studied but as an alternative bridging atom between the con-
jugated backbone and solubilising alkyl chains of novel donor-acceptor co-polymers. Using DFT
calculations, the Si→Ge substitution was found to result in an increase in C–X bond length (where
X is the bridging atom). The increase in bond length could lead to a reduction in steric interactions
between the alkyl chains and the conjugated backbone, leading to stronger intermolecular pi − pi
interactions. No change in the torsional stiffness between the two species was observed, with the op-
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timised donor-acceptor dihedral angle of ∼50° likely impeding lamellar packing, a result supported by
the lack of scattering peaks from WAXS measurements. HOMO-LUMO calculations suggested that
the bridging atom did not perturb the opto-electronic properties of the material, a result supported
by the similar optical band gaps and ionisation potentials measured from thin films.
The final DFT study explored the effect of thermal annealing on the morphology and ambipolar charge
transport properties of a novel donor-acceptor co-polymer for OFET applications. Systematic DFT
calculations were used to generate structure-property relationships in the co-polymer system, namely
the wavenumber shift of the thiophene and vinyl C=C stretch modes which was used (with Raman
spectroscopy) as a signature of conformational (dis)order. The effect of annealing was experimentally
studied by comparing two side-chain substitutions on the polymer backbone: dodecyl (C12) and 2-
ethylhexyl (Eh). Annealing C12 to 300 °C caused a gradual improvement in molecular order which
was reflected in the monotonic increase in hole and electron mobilities. On the other hand, annealing
Eh improved molecular order and field-effect mobility up to 200 °C, beyond which both a decrease
in molecular order and a reduction in mobility were observed. HOMO-LUMO distributions were
generated to explain the relative changes in hole and electron mobilities. While the hole mobility was
reasoned to show higher intra-chain transport behaviour due to the delocalised HOMO, the electron
mobility was reasoned to show a more inter-chain transport behaviour due to the more localised
LUMO.
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Chapter 8
Conclusions and Future Work
The work presented in this thesis describes a combination of experimental and theoretical techniques
to probe the influence of nano-structre on the properties and performance of organic semiconductor
thin films and devices. In the first part, experimental techniques were employed to probe molecular
orientation and alignment of TIPS-pentacene and TES-pentacene thin films and devices. A zone-
casting apparatus was built to enable the systematic design of thin-film architectures which were
used to investigate structure-property relationships in OFET device structures. In the second part,
quantum-chemical methods were used to develop structural probes that were applied to a range of
conjugated polymer systems to gain deeper insights into thin-film properties and device performance.
Developing a Technique to Probe Molecular Order and Orientation
In Chapter 4, an angle-dependent polarised Raman technique was developed to probe molecular order
and orientation in TIPS-pentacene thin films. It was found that the TIPS-pentacene Raman modes
polarised along the short- and long-axis of the pentacene backbone could be used as a signature of
the pentacene molecular orientation and order. Combined with cross-polarised optical microscopy
and AFM, angle-dependent polarised Raman spectroscopy was applied to understand the role of
morphology on charge-transport properties in inkjet-printed TIPS-pentacene OFETs blended with
polystyrene. While the pristine devices were found to be composed of highly-ordered micro-crystalline
domains, a large variation in molecular orientation between the grains was observed. On the other
hand, blending did not disrupt the pi − pi stacking of the TIPS-pentacene molecules and instead
resulted in an improvement in film uniformity in terms of device coverage and molecular orientation
in the active channel. The PFBT-treated gold contacts were found to act as nucleating sites for
TIPS-pentacene grain formation in device structures. Using a shorter channel length (5 µm) the
pentacene backbone orientations were found to be similar in both pristine and blend devices; however
blending still improved the overall film coverage across the whole device. In the 40 µm channel-
length devices, as well as improving the saturation mobility from 0.22 cm2/V s to 0.73 cm2/V s,
blending resulted in lower threshold voltages (∼0 V ) and steeper sub-threshold slopes (67 mV/dec),
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indicating an improvement in the interface between TIPS-pentacene and the channel dielectric.
Blending small molecules with polymers has proven to be an effective and popular technique for
improving charge-transport properties in OFETs [1–4]. A natural extension of this project would
be to investigate the influence of blending on active material morphology using different deposition
techniques including spin coating and zone casting. Of particular interest is the application of
polarised Raman spectroscopy to explore the effect of using an electro-active polymer as the blend
material.
Developing a Method to Control Molecular Order and Orientation
A more systematic control of the morphology and charge-transport characteristics of functionalised
pentacenes was demonstrated in Chapter 5. A zone-casting apparatus was built to control the grain
size and molecular orientation in thin films. Zone-casting parameters such as solution temperature,
substrate temperature and solvent were shown to be crucial for the formation or large, aligned
crystals. This was explained in terms of the control of the evaporation zone and contact line during
film formation. At low substrate temperatures, dewetting of the film was observed, while high
temperatures resulted in thermal cracking in the films. By varying the casting speed, a range of
crystalline morphologies were obtained, ranging from large, thick platelets at low casting speeds to
thin, highly-aligned ribbon-like crystals at high casting speeds.
To systematically explore the relationship between morphology and device performance in TIPS-
pentacene and TES-pentacene, zone casting was subsequently applied to deposit the active layer in
bottom-gate bottom-contact OFETs. TIPS-pentacene was shown to exhibit field-effect mobilities
at least 5 times higher than TES-pentacene (e.g. 0.3 cm2V −1s−1 compared to 0.06 cm2V −1s−1,
respectively, for devices cast at 100 µms−1). The casting speed and grain orientation were shown
to have a strong effect on saturation mobilities and demonstrated similar trends for both TIPS-
and TES-pentacene. TES-pentacene, however showed a much higher mobility anisotropy (∼5–40)
compared to TIPS-pentacene (∼2–5), attributed to the 1-dimensional slipped-stack crystal structure
in the former, as opposed to the more 2-dimensional pi−pi stacking in the latter. The effect of grain
boundaries on charge-transport anisotropy was also explored by varying the channel length. Shorter
channel lengths, with less grain boundaries, were shown to decrease the mobility anisotropy of TIPS-
pentacene transistors (from∼2–5 at L = 20 µm to∼0.3–2 at L = 2.5 µm), but led to little change in
TES-pentacene charge-transport anisotropy (from ∼5–40 at L = 20 µm to ∼3–40 at L = 2.5 µm).
It was deduced that TIPS-pentacene exhibited grain-boundary-limited charge-transport anisotropy
while TES-pentacene anisotropy was dominated by crystal orientation.
The effect of grain boundaries on bias-stress instability in TIPS-pentacene was monitored using in-
situ Raman spectroscopy. The micro-structure was shown to be robust under bias stress, with no
changes to the pentacene vibrational modes in the parallel orientation while a small (∼0.2 cm−1)
shift in the C-H stretch mode was observed for the perpendicular orientation. This is in contrast to
pentacene devices which show larger micro-structural changes after bias stress, with Raman shifts of
∼1 cm−1.
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These results invite numerous further studies to more deeply explore the effect of grain boundaries
and grain orientation on charge-transport properties in small-molecular OFETs. For example, the
effect of grain boundaries could be investigaed in more detail using zone casting to control the grain-
boundary density and orientation and using shorter channel lengths to isolate single grain boundaries
in the active channel. While mobility calculations of ideal crystals have proven successful, further
calculations incorporating discontinuities and grain boundaries, combined with the experimental data,
would add greatly to the understanding of grain-boundary charge-transport properties. For TIPS-
pentacene, further study of the bias-stress instability is merited. For example, zone casting could be
used to investigate the effect of grain-boundary density on bias stress instability and micro-structural
changes. A decoupling of intrinsic and extrinsic impurites could be achieved by duplicating the in-situ
measurements under inert atmospheric conditions.
Probing Structural and Optical Anisotropy in Zone-Cast Thin Films
In Chapter 6, the anisotropic optical and structural properties of both TIPS-pentacene and TES-
pentacene were more fully characterised using polarised UV-visible absorption spectroscopy and po-
larised Raman spectroscopy. Solution-state absorption spectra were identical for both materials,
consistent with the identical conjugated pentacene cores within both TIPS- and TES-pentacene.
By performing polarised absorption measurements within single domains, a packing-induced red-
shifted absorption transition dipole was found to be oriented along the crystallographic a-axis in
a J-aggregate-like behaviour, while a blue-shifted absorption transition dipole was found to be
orthogonally-oriented, in a H-aggreagte-like behaviour. While a mixture of J- and H-aggregate-
like spectral signatures was observed in both materials, TIPS-pentacene exhibited predominantly
H-aggregate-like properties while TES-pentacene showed stronger J-aggregate-like properties.
In a similar result to the solution UV-visible absorption measurements, Raman spectra taken from
TIPS- and TES-pentacene solutions in toluene were found to be practically identical. From the thin-
film Raman spectra, the C-H bending mode located at the ends of the conjugated pentacene cores was
found to be the most sensitive to differences in packing structure between TIPS- and TES-pentacene.
Angle-dependent polarised Raman spectroscopy was used to probe the molecular orientation and
order in the films. The pentacene long-axis orientation was found to be ±(50–60)° relative to the
zone-casting direction for both materials, while TIPS-pentacene showed higher Raman anisotropy
(molecular order) than TES-pentacene (C-C short-axis mode anisotropy of ∼0.50 comapred to ∼0.34,
respectively). A symmetry in the molecular orientations across the twin boundary of TIPS- and TES-
pentacene was also observed at the Raman resolution of ∼1 µm.
This work would benefit from a theoretical study of the influence of packing on optical and vibrational
properties. Single-molecule calculations could be extended to look at simulated dimer or bulk struc-
tures to evaluate the effect of inter-molecular interactions, in particular the nature and orientation of
the absorption transition dipole moments as well as packing-induced vibrational changes. A better
understanding of the polarised optical properties of these small-molecular materials (in particular,
H-aggregation) would be important in understanding charge-transport properties and inform future
design strategies for reliable, high-performance materials [5].
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Understanding the Effects of Molecular Structure and Order on Thin-Film Properties
In Chapter 7, quantum-chemical methods were used to investigate a host of conjugated polymer
systems for OLED, OPV and OFET applications. By applying systematic theoretical studies to ex-
perimental data, a deeper insight into their structural, opto-electronic and charge transport properties
was achieved.
In the first study, the effect of side chains on the structural and opto-electronic properties of a novel
donor-acceptor co-polymer (T8TBT) was studied. It was demonstrated that the placement and posi-
tion of the hexyl side chains induces a torsion between the donor and acceptor units (9°→10°→48°),
decreasing the electronic coupling and leading to a blue-shift and reduction in oscillator strength of
the main charge-transfer optical excitation.
Next, the P3HT:PCBM system was studied using structural and vibrational simulations combined
with Raman spectroscopy. Using a series of systematic calculations, the relationship between the
main C=C ring stretch peak position and backbone conjugation length / inter-ring torsion was
established. This Raman signature was then used to explain the reduction in P3HT order after
blending with PCBM, followed by an increase in order after annealing. This morphological insight
was used to explain the improvement in short-circuit current and power conversion efficiency of OPV
devices upon thermal annealing.
The study of polymer-fullerene OPVs was expanded by investigating the effect of (S→Se) substitution
on polymer order in P3HS:PCBM OPVs. P3HS was found to have a more planar conformation than
P3HT, while a substantially-increased disordered phase was detected in P3HS from the Raman
spectra, hampering OPV device efficiency.
DFT calculations were next applied to understand the effect of Si→Ge heavy bridging atom sub-
sitution in novel dithienosil(germ)ole donor-acceptor co-polymers. Potential energy scans of the
donor-acceptor torsion angle revealed similar equilibruim dihedral angles of ∼50°, impeding lamellar
packing; a result supported by the absence of WAXS scattering peaks. The Si→Ge substitution led
to an increase in C–X bond length (1.89→1.95 A˚), possibly reducing the steric hindrance between
the bridged alkyl chains and the conjugated backbone. Energy level calculations showed no effect of
Si→Ge substitution on the HOMO-LUMO levels, supported by the similar measured optical bandgaps
and ionisation potentials.
The final DFT study explored the effect of thermal annealing on the morphology and ambipo-
lar charge-transport properties of a novel donor-acceptor co-polymer in an OFET architecture. A
Raman signature of molecular order was developed using systematic DFT calculations. Polymers in-
corporating dodecyl side chains showed a gradual improvement in molecular order upon annealing up
to 300 °C and a monotonic increase in hole and electron mobility. On the other hand, annealing the
polymer incorporating 2-ethylhexyl side chains improved molecular order and field-effect mobilities
up to 200 °C but led to a decrease in molecular order and mobilities above this temperature. HOMO-
LUMO distributions were calculated to explain the relative changes in hole and electron mobilities.
While the hole mobility was reasoned to show higher intra-chain transport behaviour due to the
delocalised HOMO, the more localised LUMO would lead to a more inter -chain electron transport.
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List of Abbreviations and Symbols
AFM Atomic force microscopy
D-A Donor-acceptor
DFT Density functional theory
DSC Differential scanning calorimetry
FF Fill factor
HOMO Highest occupied molecular orbital
IP Ionisation potential
IR Infrared
LCAO Linear combination of atomic orbitals
LUMO Lowest unoccupied molecular orbital
OFET Organic field-effect transistor
OLED Organic light-emitting diode
OPV Organic photovoltaic
OTFT Organic thin-film transistor
PCE Power conversion efficiency
PDI Polydispersity index
PES Potential energy surface
PFBT Pentafluorobenzene thiol
rpm Revolutions per minute
RT Room temperature
SAM Self-assembled monolayer
TCPS Trichlorophenethylsilane
TES Triethylsilylethynyl
TIPS Triisopropylsilylethynyl
UV Ultraviolet
WAXS Wide-angle X-ray scattering
Ci Gate capacitance per unit area
0 Permittivity of free space
r Relative permittivity
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JSC Short-circuit current
L Channel length
Mn Number-average molecular weight
Mw Weight-average molecular weight
µ Field-effect mobility
VD Drain voltage
VOC Open-circuit voltage
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W Channel width
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Appendix C
Quantum-Chemical Methods
C.1 Introduction
To better understand the structural, opto-electronic and charge transport properties of novel organic
semiconductor materials, various experimental techniques may be employed. Interpretation of ex-
perimental data may however be problematic. This is especially true for Raman spectroscopy and
UV-visible absorption spectroscopy, where the underlying physical nature of observed spectral features
is not always immediately clear. Combined with the ever-increasing sophistication and complexity of
designed molecular structures, the need for quantum-chemical calculations to simulate and explore
molecular structure and properties is becoming ever more apparent. Quantum-chemical simulations
can be used not only to understand and interpret experimental data but can also be used as a tool
to develop relationships between the observable properties and the underlying physical or electronic
mechanisms. This Appendix provides a brief overview of the common quantum-chemical methods
and calculations employed in this thesis.
All calculations were performed on Imperial College London’s High Performance Computing facil-
ity using the Gaussian09 quantum-chemical package [1]. Molecules were constructed using the
GaussView graphical user interface, which was also used to display and extract the calculated molec-
ular properties.
To perform a calculation, it is necessary to specify:
• Initial molecular structure and geometry
• Calculation method (see Section C.2)
• Basis set (see Section C.3)
• Properties to be calculated (see Section C.4)
The various properties that are calculated may be described using two terms: the potential energy
E and configuration coordinate Q and include:
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Property Function
Energy E
Potential Energy Surface E vs. Q
Optimised Geometry dE/dQ = 0
Vibrational Frequencies f = d2E/dQ2
Table C.1: Calculated molecular properties and their representative functions
In the following sections, the basic elements of these quantum-chemical calculations are outlined
based mainly on Reference [2], and the relationship between calculated and experimental properties
are discussed.
C.2 Computational Methods
To simulate molecular properties, three quantum-chemical methods are commonly employed:
Ab initio: Based on a solution to the molecular Schro¨dinger equation, ab initio (“from first prin-
ciples”) methods tend to an exact solution but are computationally very expensive. The simplest
scheme, Hartree-Fock, nominally scales as N4 (where N is the number of atoms), making ab initio
calculations of complex molecules computationally expensive.
Semi-empirical: Semi-empirical methods are much faster, but less accurate than ab initio methods.
This is because they are based on a number of simplifications and approximations derived using
parameters from empirical data, such as ionisation potentials, dipole moments, molecular geometries,
etc. These empirical parameters are then used to develop heuristics that work well for specific
applications such as excited state properties (ZINDO [3]) or optimised geometries (AM1 [4]). While
semi-empirical methods are useful because they can give good approximations of molecular properties
for large molecules they can also be unpredictable.
Density Functional Theory (DFT): DFT methods use the spatially-dependent electron density to
calculate the molecular orbitals. While early DFT schemes were not very accurate, improvements
in the description of electron exchange and correlation effects improved the reliability of the cal-
culated properties. Hybrid functionals such as B3LYP [5] combine elements of ab initio methods
and parameters derived from empirical data to improve the accuracy of the calculated parameters
while maintaining relatively low computation costs. DFT calculations are widely-used to simulate
molecular energies, geometries and vibrational properties.
C.3 Basis Sets
A basis set is the term given to a set of functions which describe the atomic orbitals of a given
element and are then used as the building blocks for calculation methods such as B3LYP [2]. Rather
than explicitly specifying all the atomic orbitals (e.g. s p d f) approximations can be used to speed
up computation time while maintaining accuracy. An important example is the approximation of
an orbital wavefunction using a set of Gaussian functions, a development which led to dramatic
improvements in computation speeds and efficiencies.
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For atoms larger than helium, the atomic orbitals (Φ) can be split into ‘core’ (φC) and ‘valence’
(φV ) functions (split-valence), such that
Φ = A1φC +A2φV (C.1)
where A represent constants defined by the basis set. Furthermore, the shape of the valence orbital
may be better represented using a combination of two Gaussian functions, termed double-zeta (or
double-ζ) so that the basis function becomes
Φ = A1φC + (A2φV 1 +A3φV 2) (C.2)
A further improvement can be made using so-called triple-ζ basis sets, which are of the form
Φ = A1φC + (A2φV 1 +A3φV 2 +A4φV 3) (C.3)
Using conventional notation, the double-ζ and triple-ζ basis sets are expressed as
double-ζ: 6-31G
triple-ζ: 6-311G
where the values donate the number of Gaussian functions used and G indicates a Gaussian-Type
Orbital (GTO).
Finally, the effect of orbital mixing can be accounted for using polarisation functions [6, 7], denoted
by a ‘d’ (e.g. 6-31G(d)) to give p orbitals some d orbital character, or by ‘d,p’ (e.g. 6-31G(d,p))
to additionally give s orbitals some p orbital character. This has the effect of further improving the
accuracy of the calculations.
As may be expected, using more Gaussian functions improves the accuracy of the basis set (and
therefore the calculated molecular properties) but increases computation time, so a compromise
must always be sought.
C.4 Simulated Molecular Properties
C.4.1 Energy
The electronic potential energy associated with the molecular orbitals is the fundamental property
which is calculated using the quantum-chemical methods described earlier. This may be determined
using expensive ab initio methods or, as mentioned previously, faster methods may be used that give
good approximations to the molecular potential energy. Calculation of the molecular orbital energies
combined with population analysis is used to determine the occupied and virtual energy levels of the
molecule, from which the HOMO and LUMO energy levels may be determined (Figure C.1).
From the calculated energies, molecular orbital distributions can be visualised by mapping the iso-
density in 3-dimensions (the surface at which the electron densities are equivalent). An illustration
of the HOMO and LUMO isosurfaces for heptathiophene is shown in Figure C.2.
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Figure C.1: Calculated molecular orbital energies (in Hartrees) for heptathio-
phene. The orbitals are occupied up to -0.17596 Hartrees (HOMO) with the first
virtual state calculated at -0.08128 Hartrees (LUMO)
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Figure C.2: Calculated molecular orbital isosurfaces for heptathiophene, gener-
ated using GaussView
C.4.2 Potential Energy Surface
Unlike the simulated molecules, real molecules are not static or frozen in the virtual gas phase.
In reality, molecular configuration coordinates (such as bond lengths, bond angles and dihedral
angles), activated by thermal excitation, change or relax to lower the overall energy of the molecule.
The direction of the relaxation is determined by the potential energy surface or landscape of the
particular configuration coordinate. This may be visualised by calculating the single-point energy
as a function of configuration coordinate. In the simple case of a diatomic molecule, the potential
energy surface as a function of inter-atomic bond length may be modelled by the Lennard-Jones
potential (Figure C.3) [8].
C.4.3 Geometry Optimisation
An important initial calculation performed on simulated molecules is a geometrical optimisation.
This is performed by varying the configuration coordinates and monitoring the change in potential
energy. The molecular structure is said to be optimised when the gradient of the potential energy
surface has approached a stationary point (dE/dQ = 0). An important consideration in geometry
optimisation is the starting geometry (in particular, the initial dihedral angle(s)). The optimisation
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Figure C.3: Lennard-Jones model of the potential energy surface due to bond
length in a simple diatomic molecule
algorithm will always find the closest stationary point, which may be a local minimum rather than
a global minimum (Figure C.4). In addition, a starting geometry may be specified that corresponds
to a local maximum which, while satisfying the optimisation criterion (dE/dQ = 0), is not a true
optimised structure. For this reason, geometrical optimisations were usually performed using multiple
starting geometries and accompanied by potential energy scans where necessary to determine the
global minimum dihedral angle.
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Figure C.4: Calculated potential energy surface as a function of dihedral angle
for a more complicated molecular structure. At least three energy minima are
observed (indicated by the red arrows), highlighting the importance of selecting
an appropriate initial geometry before performing the optimisation
Unstable stationary points may be determined by calculating the second derivative of energy with
respect to configuration coordinate (d2E/dQ2 < 0) which is performed during a vibrational frequency
calculation. These can be detected by looking for imaginary vibrational frequencies which are not
seen in geometries optimised to a local or global minimum (d2E/dQ2 > 0).
C.4.4 Vibrational Properties
Another widely-used application of quantum-chemical methods is vibrational frequency calculation
to interpret data from vibrational spectroscopies such as FT-IR or Raman. While manual calculation
of the vibrational properties of simple molecules is possible using symmetry considerations, the
novel complex and varied molecules that are now synthesised for organic semiconductor applications
are more efficiently characterised using the latest quantum-chemical techniques. In general, DFT
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methods combined with the 6-31G(d) (also known as 6-31G*) basis set out-perform other approaches
for vibrational frequency calculations and are widely-used in the literature.
Vibrational frequency calculations are performed by first optimising the molecular geometry so that
dE/dQ = 0 and d2E/dQ2 > 0. Since different methods and basis sets will lead to slightly different
potential energy surfaces (and therefore optimised geometries), the same method should be used for
both geometry optimisation and vibrational frequency calculation. Force constants (k) are determined
by modelling the vibrations using Hooke’s law:
F (Q) = −kQ (C.4)
and equating the restoring force (F ) to the potential energy
F =
dE
dQ
(C.5)
so that
k = −dF
dQ
= −d
2E
dQ2
(C.6)
For a system with N atoms, the force constants are represented by a 3N × 3N matrix and can
be used to calculate vibrational properties such as vibrational frequencies and associated reduced
masses, atomic displacements and Raman activities.
Due to the approximations built-in to many DFT methods (particularly electron correlation and
exchange effects), systematic errors may emerge from DFT-calculated properties, including vibra-
tional frequencies. The error in frequencies may be empirically corrected using data from small
molecules. The vibrational frequency scaling factors and associated standard uncertainties for a
range of quantum-chemical methods are illustrated in Figure C.5 [9].
Figure C.5: Scaling factors and associated uncertainties for calculated vibrational
frequencies using a range of quantum-chemical methods and basis sets, taken from
Reference [9]
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Finally, when characterising the vibrational modes (atomic displacements) of a calculated molecule,
standard definitions and terminologies are worth considering. A summary of the vibrational modes
of the simple methylene (CH2) group is shown in Figure C.6 for illustration.
Stretching 
In-plane 
bending 
Out-of-plane 
bending 
Symmetric 
Anti-
symmetric 
rocking twisting 
wagging scissoring 
Figure C.6: Characterisation of the vibrational modes of methylene (CH2)
For more complex molecules, however, vibrational modes may be distributed across conjugated seg-
ments such as rings or backbones, and characterised accordingly.
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Appendix D
Quantum-Chemical Calculations on
Pentacene Derivatives
D.1 Introduction
This Appendix describes the DFT-calculated properties of 6,13-bis(triisopropylsilylethynyl) pentacene
(TIPS-pentacene) and 6,13-bis(triethylsilylethynyl) pentacene (TES-pentacene). The calculations
are performed using the B3LYP hybrid functional [1] and the 6-31G(d,p) double-zeta split-valence
basis set [2] using the Gaussian09 quantum-chemical computation package [3]. First, a structural
optimisation is performed of isolated molecules in the virtual gas phase. From these optimised
structures, the Mulliken partial atomic charges are simulated, as well as the electron density. HOMO
and LUMO orbitals are simulated by mapping the isodensity of the highest occupied and lowest
virtual electronic states. Finally, a vibrational frequency calculation is performed to simulate the
single-molecule TIPS-pentacene Raman spectrum. Atomic displacements for the principal Raman
modes are illustrated, along with their vibrational characterisation.
D.2 Optimised Geometries
The DFT-optimised geometries of TIPS-pentacene and TES-pentacene are shown in Figure D.1.
While the bulky side-groups differ between the two molecules, the geometry of the conjugated
pentacene core remains unaltered. The mean C-C bond length along the pentacene core is ∼1.4 A˚.
The acetylene (C≡C) bond separating the conjugated core from the bulky side groups has a length
of ∼1.2 A˚. The pentacene long- and short-axis are indicated in the figure.
D.3 Electronic Properties
Next, the simulated electronic properties of the two molecules are compared in Figure D.2. Mul-
liken charge distributions show no significant differences between (a) TIPS-pentacene and (b) TES-
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Short 
Axis 
Long Axis 
(a) TIPS-Pentacene (b) TES-Pentacene 
Figure D.1: (a) TIPS-pentacene and (b) TES-pentacene geometries optimised
using DFT/B3LYP/6-31G(d,p)
pentacene partial atomic charges. Red indicates a negative partial charge while green represents a
positive partial charge. The carbon atoms along the perimeter of the pentacene core are electron-rich
and are electronically isolated from the bulky side-groups by the acetylene group. Electron density
surfaces highlight the similarity in pentacene core structures while a slight reduction in the TES bulky
side-group (compared to TIPS) is evident. This difference in bulky side-group diameter has been
used to explain the difference in packing between the two materials [4]. From the simulated occupied
(HOMO) and virtual (LUMO) electronic states, no differences are detected between single isolated
molecules of TIPS- and TES-pentacene. Similar molecular orbital surfaces along the conjugated
pentacene core have been previously calculated for trimethylsilylethynyl pentacene (TMS-pentacene)
and resemble the molecular orbitals of un-substituted pentacene [5].
Mulliken Charges Electron Density HOMO LUMO 
(a) TIPS-Pentacene 
(b) TES-Pentacene 
Figure D.2: Electronic properties of (a) TIPS-pentacene and (b) TES-pentacene
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D.4 Vibrational Properties
The full simulated Raman spectra of TIPS- and TES-pentacene are shown in Figure D.3 (a). Raman
vibrational modes are mainly clustered around three spectral regions: the fingerprint region at 1100–
1700 cm−1, a large feature around 2221 cm−1 and a high-energy region around 3000–3200 cm−1.
The fingerprint region (Figure D.3 (b)) contains primarily C-H bending modes and C-C stretching
modes. The prominent peak at 2221 cm−1 is due to the C≡C stretching mode. Despite being the
strongest mode in the simulation results, this C≡C stretch mode is very weak in the experimental
Raman spectra. The only significant changes in the calculated Raman spectra are in the high-energy
region (Figure D.3 (c)). The difference in Raman peaks from TIPS- and TES-pentacene may be
explained by looking at the vibrational properties of these high-energy modes. As expected, the
peaks around 3000–3100 cm−1 arise from C-H stretching modes located in the bulky side-groups,
while the peaks around 3150–3200 cm−1 arise from C-H stretching modes along the pentacene core.
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Figure D.3: (a) Simulated TIPS-pentacene (black) and TES-pentacene (red) Ra-
man spectra, calculated from the optimised structures in Figure D.1; (b) Close-up
of the fingerprint region containing mainly C-H bending modes and C-C stretch-
ing modes; (c) Close-up of the high-energy region showing C-H streching modes
located in the bulky side-groups and pentacene core
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For completeness, the atomic displacements (represented by blue arrows) associated with the sim-
ulated Raman modes numbered in Figure D.3 are shown in Figure D.4. The Raman shifts and
vibrational mode characterisation are indicated in the figure.
① 1189 cm-1 
C-H bend (ends) 
② 1234 cm-1 
C-H bend (sides) 
③ 1432 cm-1 
C-C ring stretch (short-axis) 
④ 1452 cm-1 
C-C ring stretch (short-axis) 
⑤ 1626 cm-1 
C-C ring stretch (long-axis) 
⑥ 1682 cm-1 
C=C stretch 
⑦ 2221cm-1 
C≡C stretch 
⑧ 3033 cm-1 
C-H stretch (TIPS) 
Figure D.4: Atomic displacements of the Raman modes numbered in Figure D.3.
The Raman shifts and vibrational characterisations are indicated for each mode
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